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PREFACE

A few introductory remarks with respect to the history of the development of handling quality criteria sse in onder.
However, this history will not precede 1971 when an AGARD Specialists’ Meeting on the subject was held in Ottawa. At
the end of this meeting the Flight Mechanics Panel (FMP) considered appropriate follow-up activities, and one of these
was the formation of an ad-hoc committee with an assignment *. . . to compare the spocific Handling Qualities Require-
ments for aircraft of the various NATO countries and to gather data to validate handling qualities critesfe. . .” Most of
the requirements considered by the committee originated in the United States; but all committee members except one
were Europeans, and this can probably be explained by the French saying “la critique est aisée mais I'art est difficile”
The result of the committee’s efforts was AGARD Advisory Report No.89 entitled “Handling Qualities Specification
Deficiencies”, which was authored by Mr Arthur Barnes from the United Kingdom.

But there were also considerable follow-up activities in the seventies by the workers behind their desks, the flight
test engineers and the pilots. In order *o disseminate these new results within the NATO countries, FMP devoted a
session of its 1978 Stability and Control Symposium, again in Ottawa, to “‘Criteria for satisfactory behaviour of aircraft
with advanced stability and control systems”. One of the key questions during the discussions was: Now we have
developed sophisticated Control Configured Vehicles with extremely complex stability augmentation and control
systems, do we also need new criteria for handling qualities as an aid in aircraft design and certification? Quite a few
participants replied, ““Yes, of course™; but others were strong advocates of the “Equivalent Systems” methodology,
which means in simple (perhaps too simple) words; replace the complex aircraft dynamics by appropriate conventional
“make-believe” aircraft dynamics and treat the handling qualities aspects in the classical manner. When the symposium
was over, the FMP decided that organizing a full “criteria meeting” would be a desirable follow-up activity and that
such a meeting could, at least partially, answer the standard AGARD question as it was posed in 1971 by the Round
Table Panel in Ottawa — namely, “Where do we go from here?”.

Finally, the ultimate use of advanced aircraft handling quality criteria in the form of specifications for military
aircraft must be remembered. Unlike some technical developments that may never be put to practice, the handiing
quality specifications (e.g. MIL-F-8785C) are indeed used throughout the free world. The superiority of the resulting
aircraft depends, in tumn, on the quality of these specifications. The theme of the symposium is, therefore, indeed
important to AGARD.

The Technical Program Committee for this meeting had a relatively easy task for interest in the subject was
considerable, both in Europe and in the United States, and we received many more offers for papers than we could acoept.
We hope we made the right choices, since decisions were very difficult.

R.O.ANDERSON
J.BUHRMAN
Members, Flight Mechanics Panel
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PRESENT STATUS OF FLYING QUALITIES
CRITERIA FOR CONVENTIONAL AIRCRAFT

by

David J. Moorhouse and Robert J. Woodcock
Flight Dynamics Laboratory
Wright Aeronautical Laboratories
Wright-Patterson AFB, OH 45433

INTRODUCTION

As the first paper at this conference, we decided that a general overview of the sub-
ject was required. To that end, the object of the paper is to provide a framework for the
remainder of the conference with a general and philosophical discussion of flying qualities
criteria relative to the military specification.

Flying qualities research and the development of the flying qualities specification
proceeded at a leisurely gace until approxjimately the mid-1960s. As flight control tech-
nology expanded, so did the devclopment of criteria with which to judge the increasingly
complex dynamic systems. At ‘he same time the specification lost some of its credibility
in the eyes of flight control designers. It appeared frequently that their philosophy
was "if an airplane design does not meet the criteria, then the criteria need improving.”
This attitude goes along with the presumption that the flight control system can cure any
problems. As we now know, the new flight control technology also discovered new problems
such as phase lag, time delay, etc. We are now at the stage of refining and defining
criteria applicable to any future configuration.

In this paper we first trace briefly the development of the U.S. military flying qual-
ities specification up to MIL-F-8785B, issued in 196%. In the late 1960s and 70s many new
criteria were proposed, and significant ones are discussed. The equivalent system approach
was chosen for MIL-F-8785C and is therefore discussed in some detail. The paper is conclud-
ed with our view of future requirements and developments in flying qualities criteria.

BACKGROUND

The Signal Corps Specificationl for procurement of the Wright Flyer is frequently
cited as an ideal. The flying qualities requirement of “perfect control and equilibrium
at all times" during flight around a closed course was direct and easy to verify. At that
time if the airplane completed the c~urse without crashing the control and equilibrium were
more than satisfactory. Difficulty of control was judged by observation and subjectively.
By the account of the first military pilotZ that first military airplane was capable of no
task beyond flight itself - which of course was still a great achievement. Reference 2
also documents the first military flight test development program, to modify the Wright
Flyer as a stable platform for reconnaissance. In the years that followed, both the air-
craft performance envelopes and the piloting tasks expanded rapidly. In this country,
our first record indicateg the start of codification of flying qualities in 1940 by
rfartley A. Soule at NACA,” based on Edward Warner's DC-4 experience. Flying qualities
research was conducted mostly by NACA until a substantial data base of acceptable and
unacceptable flight characteristics was available by the-end of WWII. In 1943 the U.S.
Army Air Forces issued their first "flying qualities" specificution.‘ This specification
listed acceptable stability and control characteristics in prescribed flight test maneu-
vers. Coordination was soon achieved with the U.S. Navy, and this same format was main-
tained through a few rev%sions. Willjam H. Phillips' classic NACA report® should be
mentioned. MIL-F-8785B,% issued in 1969, represented a significant change. The response
requirements were expressed in terms of named classical modal parameters, natural fre-
quency, damping ratio and time constant. In this form it was most responsive to the design
process, but unfortunately it conveyed the unintended impression that it applied only to
the dominant roots of the airplane dynamics. As indicated in Reference 2, achievement of
good mission-oriented handling qualities has been a problem since the beginning of flight.
And for just as long (viz. the Wright's wing warping-to-rudder interconnect prior to 1903)
designers have sought solutions by various means, more or less successful, involvin’ the
flight control system. In his comprehensive 1949 textbook on stability and control
Courtland Perkins discusses aerodynamic balance of control surfaces, a variety of tabs to
improve stick-force stability or reduce hinge moments, bobweights, downsprings and other
"gadgetry." As hinge moments became less and less tractable, first hydraulic boost
(F-94/T-33 ailerons) and then fully powered controls with no effective mechanical reversion
(F-89 ) came into use. This "progress" in flight control technology was needed in order
to utilize the extended performance envelopes of hew aircraft, but created problems of
its own. See, for example, the discussion of bobweights and pilot-induced os¢illations in
Reference 8. With fully powered controls came the possibility of improving the aircraft
characteristics apparent to the pilot through series stability augmentation, which does
not move the pilot's cockpit control; early examples are the F-89 and B-47 yaw dampers.
The years since have seen the use of flight control technology in more and more ways so
that actual airplane dynamics became more complex. Thus grew the perception that the
specification did not appl The so-called flight control tochnoloséAgxplosion fostered

s criteria explosion: stazility and control augmentation systems (5CAS) with "response.
control,” forward and feedback-loop compensation, prefilters, digital mechanization, etc.

ki,
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Reference 9 is & landmark guide to the 1869 flying quaiities requirements, prepared
at the insistence of the Air Force Flight Dynamics Laboratory's C. B. Westbrook. Although
there was some reluctance to show how meager was the basis of some requirements, these

689 guges have proven to be an invaluable compendium of the rationale and data base for
specification.

SUMMARY OF CRITERIA

First we will discuss the flying qualities criteria which have been proposed either
as alternatives to the specificatior or as guides for a particular design. As will be
seen, the majority are for the short-term pitch tracking task.

Numerator Time Constant

The well-known approximation for the classical short-term response of pitch rate to
control inputs is q(sg = MN(s + llTez) All along, there has been considerable dis-

F (s) (s* + 2o s + w?))
cussion as to whether To, or n, is the more appropriate parameter to characterize pitch
response (n, being the steady-state ratio of normal accelerstion response to angle-of-

attack response for pitch control inputs). References 9 and 10, for example, both discuss
the importance of the numerator time constant, while Reference 11 suggests that it is
indeed the governing parameter in }unding approach. The British flying qualities sgeci-
fication (Reference 12) uses the Nn/nu requirements of MIL-F-8785B/C, except that the

gategory C (terminal flight phases) requirements are modified by the addition of the
ollowing:

Minimum values of n, V < 100 kn V > 100 kn
Level 1 boundary 1.67 V (kn)/60
Levels 2 and 3 boundary 1.0 V (kn)/100

With the classical approximate relationship n, = (V/g)/'l‘e » this is equivalent to
2

specifying maximum values for Ty of 3.1 secs for Level 1 and 5.2 secs for Levels 2 and 3.
There is also a note that these fower bounds of n, may apply to Category A (the more
demanding of the piloting tasks in up-and-away flight) as well as Category C.

The requirements of MIL-F-8785B were in terms of n, and did not consider numerator

time constant per se. It is possible for two classical aircraft to have the same values
of short-period frequency and damping and n, but different numerator time constants, just

by virtue of having different airspeeds. The sgecificution would not discriminate between
these two configurations in terms of flying qualities, although there is a change in pitch
dynamics, as in the asymptotic frequency response sketched. The effect of that change on

pilot opinion rating is going to be influenced by the

proximity of 1/Ty to the short-period frequency 8 lf
2
(and possibly by the phugoid dynamics also). To F;
support using n, instead of 1/Ty for the final
dB
version of MIL-F-8785B, Reference 8 cited: log v —w

(s} “ﬁspltn/a) and tsp boundaries fit the available flight data, ever an n/a range
of 12.3 to 61.5 for Category A Flight Phases, roughly 2 to 20 for B-70 Category
B, and 2+ to 11 Category C.

0 “ﬂsp/(n/a)corresponds to (Fs/n)up' and to Bihrle's Control Anticipation Parsm-

eter, Reference 12, the ratio of inital pitching acceleration to steady-stste
load factor, for pitch control. This correspondence holds for most any form of
sta:ility sugmentation involving only the pitch control, as well as for the basic
airframe.

Also “ﬁs,/(n/u) tends to be invariant with speed, so that over a wide speed range an air-
plane can stay within the boundaries. That is a nice practical convenience.

Recall that Bihrle's Control Anticipation Parameter, CAP, (Reference 13) is :

2 2
cape do .t Nelsemusy  sulp To
N ans*o /e v

The equivalence of CAP and ~§P/na holds fairly generally unless an additiomal control

il
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surface (such as DLC) is available to alter the characteristics. An interpretation of CAP
is that the ratio of initial KitCh acceleration to steady state normal acceleration defines
the compatibility of the flight path response and the initial sensation of a pitch control

input. An alternative CAPl4 uses initial cockpit normal acceleration instead of q, since
at the pilot-location: .
Mo “ %% * % %

This interpretation seems to fit some 1‘;ﬁ° sircraft, for which pilot location can be
expected to have a significant effect. ere is thon the problem of explaining past
successful combat aircraft with zero or negative x . Nodifiiations to account for higher-
order effects have been propesed by Chalkld, and b¥ Bischoffl6 who achieves good corre-
lation with a number of Navy aircraft.

From the asymptotic frequency-response sketch of |9/Ps|1t is the frequency separation
of NBTE’ that determines the degree of departure from "ideal" k/s-like response at
frequencies below a__, and thus possibly the gain margin:

log wg - log 1/1‘B = log (mETE)

sp

so that from consideration of the pitch response alone, the proper parameter would be
opTp as proposed for possible revision of MIL-F-8785C (Reference 17). Nevertheless,
»

Reference 8 shows that the similar parameter NETE g/Vv correlates the available datas;
Reference 15 shows further correlation.

In summary, all the preceding variations are attempting to specify the essential
charactertistics of a 1st/2nd order response. As the discussion implies, for aircraft
which do exhibit this form of response the actual combinations of parameters do not matter

too much. Problems that have arisen have been in analysing responses which are not truly
of this form.

Bandwidth and Phase Sensitivity

For Category C Flight Phases Ashkenas, Hoh and Craig (Reference 18) propose Level 1
and 3 requirements (Fig. 1) to assure adequate pitch attitude bandwidth. In this early
ngplicntion is already recognized the need for a measure of phase sensitivity, the varia-
tion of phase as frequency increases from the bandwidth frequency.

This requireaent gets directly at "The basic inner attitude response features which
are necessary regardless of outer-loop control problems or auxiliary (e.g., direct 1ift)
control.” It applies to "The cemplete airplane attitude response including both the
phugoid and short-period modes, ... flight control system characteristics (and) the various
controlled element forms resulting from current flight control augmentation concepts."
However, we saw sufficient drawbacks not to use it. There is no Level 2 boundary, and the
data points shown with pilot rating < 6.5 were scattered on both sides of the "Level 3"

boundary. In addition, recent experience (e.g., Ref. 19) indicates that a 1 rad/sec.band-

width is often insufficient for the flare and touchdown phase of a precision landing. Also
there is a natural reluctance to have such different forms of requirement for terminal and

up-and-away flight.

Ralph Smith's Criteria

Ralph Smith (Ref 20) iroposes a set of requirements for short-term longitudinal re-
sponse based on a "no-tracking hypothesis:" "Optimum handling qualities demands minimum
closed-1oop control by the pilot."™ His parameters include:

tq time to first peak of the q(t) response to a step input in stick force
it |
. a
¢(Jo) 3 _rsl! (joc) - 14.3 o ; zp is normal acceleration at pilot statiom
L criterion frequency, rad/sec, approximately the crossover frequency of the

pilot - aircraft system dynamics for pitch attitude tracking; a function of
aircraft dynamics and disturbance bandwidth (Fig. 2)

His proposed requirements are:

0.2 < t_ < for Level 1

o o

sa (’“c)l< -2db/octave for Level 1

4|
L s
3 g(juc) > -1239 for Level 1, -165° for Level 2
P
s
Smith further states that when controllin{ pitch attitude, if closed-loop damping is
insufficient, a pilot may switch to normal-acceleration control. In that case phase
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margin of n, (ju)/Fs(jm), evaluated at the 0/Fs crossover frequency, is an indicator of
pilot-induced oscillation (P10) tendency. His PIO criteria are:
o(jmc) > -160° when -1220> 3 g (jwc) > -130°, for Level 1
s
O(jwc) > -220° when -1480>3 g. (jwc) 2.-165°, for Level 2
s

Level 3 floors exist, but data to establish them are lacking. This set of requirements
was proposed tentatively, subject to further validation. Smith groposes similar require-
ments for direct-1ift control modes and for tasks in which relative position is important,
such as aerial refueling and formation flight. Time did not permit full consideration of
Smith's suggestions for MIL-F-8785C.

Time-Domain Criteria

The time history of a given second-order transfer function is completely specified.
Again, as aircraft became more complex many researchers felt that the time history contain-
ed the parameters .ufluencing the pilot. Accordingly several time-domain criteria have
been proposed.

C*: With the thought that pilots are relatively more interested in pitch rate at low
sgeed but normal acceleration at high speed, Malcolm and Tobie (Ref. 21) proposed a crite-
rion in terms of the parameter .

C* = K(nz +Voa+ 12?)
g 4

where n, + 1 i is the normal load factor at the pilot station and Vco. often taken to be
400 ft/sec., is the airspeed at which the n, and q signals are equal. Malcolm and Tobie
derived C* time-history boundaries from Cornell Aero Lab w; - chn "bull's-eyes' (see Ref. 8,

p. 63). Later Kisslinger and Wendl proposed modified C* boundaries (Ref. 22) derived from
their ground-based simulator studies. They also extended the concept to propose analogous
parameters for the lateral and directional axes: D*. Time-history bounds are an appeal-
ing form of criteria, usefgi to the flight control designer. However, several investiga-
tors (e.g., Neal and Smith¢> and Brulle in a McDonnell internal memo dated 31 December
197;2 ?ave found the C* criterion lacking in good correlation with pilot rating of flying
qualities.

While pilots do not characteristically make the step control inputs used in this and
a number of time-response criteria, a step does have a broadband frequency content, though
amplitude varies with frequency. Malcolm and Tobie also devised a frequency-response
version of their C* criterion.

Time Response Parameter (TRP): Abrams' TRP (Ref 24) is based on dead time,T ; delay time,
tys cyclic time, tes and ratio of overshoot to steady state, Al’ for the pitch-rate and

normal-acceleration responses to a step stick force:
TRP = (TRP) ot (TRP)nz + 0.2 (Tnz -0.2)
(TRP)é - (td/tc)é + 0.08 (Ale -1.0)

(TRP) _, = 0.5 (t, =-0.7) + 0.3 (A, -0.3) !
nz 40y 1., 1
where the constants were determined empirically. The 0.2 (Tnz -0.2) term is used only when
TRP is small, less than 0.23. All terms must be positive; if any should be negative they
are set to zero.
Brulle and Moran (Ref. 25) plot this criterion using the data of Ref. 26 to show good ]
correlation with Cooper-Harper rating: 1
PR = 10 - 12.19 exp (-3.18 TRP)
with +1rating encompassing almost all the data. Using fixed-based simulator evaluationmns,

Brulle again gets excellent correlation of TRP with gilot rating. However, Figure 3 shows ‘
this trend to be rather different from that of the Di Franco data. Some moving-base simu-

lator results were intermediate, as were some cases which had deadbeat response with and
without direct 1ift. For these Abrams has suggested a modified TRP with an additional ternm

TRPDB - l.41‘nz + .16

Thus TRP appears to be a useful indicator of flying quality trends, though it does not yet {
seon definitive enough to use as a requirement.
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Chalk's Pitch Rate Response Criteria: In Reference 27, Chalk proposed requirements on
pitch rate response as shown in Figure 4. Maximum values for effective time delay, ty

were also specified but since they are similar to the requirements in 3.5.3 of MIL-F-8785C
they are not discussed here. For a classical second-order system the parameters used,
transient peak Satio and rise time parameter, are directly related to the parameters used
in MIL-F-8785C28, viz. damping ratio and Control Anticipation Parameter. Once formulated
as shown, however, the requirements are independent of systems order and apply directly

to the actual response - thus avoiding problems of interpretation. The actual numbers
themselves are also revised from the corresponding ones in MIL-F-8785B: 1lower Level 2

and 3 boundaries for damping ratio and lower boundaries at all levels for m;/na (Chalk

places no Level 3 requirement on the rise-time parameter).

This is one of the requirements considered in our recent study2® of flying qualities
for large airplanes. }

Neal-Smith Criterion

A criterion for good closed-loop pitch tracking was proposed by Neal and Smith in
Reference 23. The gain and phase characteristics of the open-loop transfer function of
pitch attitude error, including a specified pilot model, are overlaid on a Nichols chart.
The pilot model has a 0.3 sec time delay, plus lead/lag compensation as illustrated in
Fig. S. Pilot gain and equalization are adjusted as necessary to meet the closed-loop
bandwidth and droop standards shown in Figure 6. The resulting closed-loop resonance and
plilot congensation are then compared to the boundaries indicated in Figure 7, which also
contains flying gualities interpretations of the various regions of the figure. Band-
widths were found which resulted in quite good correlation of these boundaries with pilot
comments.

Examples of further validation of the Neal-Smith criteria are contained in Ref. 30
for the B-1 bomber and Ref. 31 for an F-4C with a highly augmented command augmentation
system. Reference 32a presented further work based on the data of Reference 19 (LAHOS
data), and suggested some modifications to the original rules. Radford and Rogers Smith
(a) note that landing is & high bandwidth task, (b) propose not forcing 3 db of droop,
(c) found a reduced pilot time delay necessary to fit the LAHOS datz and (d) suggest the
need of an additional, "adaptability" parameter relating variations in needed pilct lead,
peak amplitude ratio and bandwidth.

We felt that we would need a better definition of the required bandwidth for each
task before this criterion could be used in the general format of MIL-F-8785C. It can
certainly be a help in the design process. In this regard, extreme sensitivity of the
parameters to small changes in bandwidth is an indication of potential problems.

Reference 23 also discussed a way to simpligz or approximate the criterion, which was
developed into a proposed revision in Ref. 15. is proposed requirement is a function of
only open-loop characteristics of the pitch response, as shown in Figure 8.

Step Target Tracking

In Ref. 33, Onstott progoses a two-stage model of tracking a step change in aim error
during target tracking. Both models incorporate a 0.3-second time delay and adjustable
lead, and the second model also has an integral term. The model parameters and the switch-
ing time are selected to maximize time on target (with a pipper diameter of 5 milliradians).
Onstott used the Neal-Smith data to divide the rms error vs. time-on-target plane into
regions of flying qualities Levels (Fig. 9). His finding that both quickness of acquisi-
tion (small rms pitch error) and time on target determine fliinx qualities acceptability

is obviously correct in general. This is another approach that we feel would be an aid

in the design process but is not defined sufficiently to be used as the basis for a speci-
fication. Ref. 32a presents some further snalysis.

Paper Pilot and Similar Optimal Pilot Models

"Paper Pilot" is now an sdult. Anderson proposed this closed-loop flying qualities
grediction technique in 1960 (Ref. 34) as a unified way to specify hover dynamics for
oth rate and attitude control systems. Paper Pilot adjusts parameters of a pilot model
appropriate to the task, such as (for hoverg

Po - -KP(TLe s +1) (s - 2/t)/(s + 2/7)

Y =K
Py Px (TLx * D

to minimize a task-dependent rating function, which he first took to be
Re=R;+ Rz + Ry + 1.0

Rl =0 ¢+ Ian-o-’ 0 < Rl < 2.5
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Ry = TLx < 1.2 sec.

°q In radians/second

o The required performance, determined
*empirically to be 0.8 feet

for compensating in the presence of atmospheric turbulence. The parameters are bounded
by the limits shown. Several theses extended the model to other piloting tasks. Dillow
and Picha (Ref. 35) used a pilot model with a "smarty-pants Kalman filter" in single-and
dual-axis tracking tasks with thresholds. They were able to find weighting functions
which gave good to excellent correlation between analysis and experiment in hover, pitch
tracking and roll tracking. Using these cost functions they obtained good correlation of
trends, if not rating and performance, with other experimental data, Dillow and Picha's
pilot model uses pilot-perceived control variables and their rates. RMS control rate
(adjusted to correspond to 0.1 sec. neuromuscular lag) is a measure of pilot workload,
although incomplete understanding of the parameter is professed.

More recent closed-loop analyses utilizing optimal pilot models include the work of
Hess (Ref. 36) and Levison (Ref. 32b). Although various investgators have claimed success,
particularly with single-axis tracking, much of the flying qualities community remains
reluctant to use closed-loop parameters directly in a specification (Ref. 37a). For the
present, pilot-vehicle analysis has achieved wider acceptance as a design tool, e.g.,
Ref. 38, than as a form of design requirement.

Heading Control Criteria

The use of "coordinated" aileron and rudder is accepted as normal piloting technique,
provided that the required rudder inputs are not too demanding a task. Reference 14
indicated that the response to rudder inputs necessary to coordinate turns plays a domi-
nant role in evaluations, and proposed a quantitative measure of acceptable and unaccept-
able characteristics. The analysis of coordination in turn entry (defined as keeping
sideslip close to zero, where 'l’B and T8 are the mid-frequency zeros of the B/Grc and

tc ac

8/6ac transfer functions respectively, Grc and 8,c aTre yaw and roll pilot's command inputs,

and Grc (t) is the "ideal" 8. to accompany a step Gac)is based on the following param-
eters:

ANALYTICAL PILOT-CENTERED
PARAMETER FUNCTION FUNCTION

Defines shape of Determines complexity of rudder

- Tsrc -1 = 6rc§35ec) S1 oy activity necessary for ideally-
3 CF coordinated turns. Also defines

Bac rc(0) phasing of heading results when

rudder is not used.
N’ /L’ : . : :
8.5 8as Defines magnitude Determines magnitude of rudder

of Y required and/or high frequency
CF yawing induced by aileron inputs.

Boundaries developed using data from six sources are presented in Figure 10.

. Calspan proposed revisionsl5S to ameliorate some of the problems encountered in appli-
cation of the roll-sideslip coupling requirements of MIL-F-BEBS/C. By deleting the spiral
mode from time history traces, the Dutch roll oscillation would be easier to work with.

A further refinement would substitute the bank angle and roll rate at the first peak for
the now-specified average value; new boundaries were drawn in terms of these parameters
and a different phase angle: of the ¢ or p response, not the sideslip response. We felt
these changes to be no more than a marginal improvement, while they would add somewhat to
the complications of an already overly complex set of requirements.

It is widely recognized3, 15, 27, 29 that lateral acceleration is an important
parameter of roll response, heading control and turbulence response. An adequate way to
account for this factor quantitatively in a generalized flying qualities requirement,
however, has not yet been found. The various requirements on dynamic sideslip response
give partial but not full coverage.

We are still looking for a simpler yet more meaningful, more comprehensive way to
specify lateral-directional dynamics.

The foregoing is only an overview in order to illustrate the diversity of critgsia
that have been proposed. Other References, such as 32c and two Dutch reports (NLR)%%» 40
present surveys of contemporary flying qualities criteria with checks against flight

simulator results for a transport airplane utilizing active control technology.

it aak Ead X -
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CURRENT STATUS

As we have indicated, the past decade saw a large number of criteris proposed,
frequently substantiated by only one data set. The designers were faced with the groblol
of deciding which criterion or combination of criteria to use. Evidence of the dilemma
is presented by Rickard (Ref. 32c) who indicates that thirteen criteria or combinations of
criteria were considered in researching longitudinal flying qualities. The recommendation
for large transport configurations was to use a version of the Neal-Smith criterion plus
the flight path stability requirement from MIL-F-8785B. Yet more evidence of the design-
ers view of the available criteria is contained in Reference 41. For the AFTI control law
development (an F-16 modification for technology demonstration) MIL-P-878SB, C*, Neal-
Smith and Onstott's step target tracking criterion were all used in different combinations
for different modes. Taken at face value this would imply a serious analytical use of the
available criteria. However, "In some cases, what the criteria considered "good" flying
qualities did not provide the desired results in the simulator.” As discussed by
Rogers Smith (Ref. 42) the use of a3 ground-based simulator to "tune" a design is no guar-
antee of acceptable flying qualities. The proof (or otherwise) of the AFTI development
will be revealed by the forthcoming flight tests.

Mhat is our approach? For the 1980 version of the specification, MIL-F-8785C28,
we have retained the large data base of MIL-F-8785B by using primarily the same modal
requirements - but explicitly applied to equivalent system parameters (Figure 1la). In
this way we apply the requirements based on modal characteristics to the overall aircraft
response. There should now be no implication that we are considering dominant modes. We
also believe that this is responsive to the needs of designers. Failure of an equivalent
system parameter to meet the requirement then indicates the nature of the problea (e.g.,
damping, delay or lag). We acknowledge that the use of ejuivalent systems is not a magic
solution to good flying qualities; however, progerly used it is a good tool for designing
or evaluating advanced configurations which are becoming indiscriminately complex.

In the past, both cperational experience and flying qualities research were largely
limited to aircraft whicg behaved in the classical manner: response to control and dis-
turbance inputs characterized by transfer functions of familiar form. The effects of
additional dynamics introduced through the flight control system were recognized at the
time MIL-F-8785B was written, but limited knowledge prevented adequate treatment. Still,
aircraft design developments continue to emphasize equalization to "improve" aircraft
response. Certainly one would expect that failure to consider one or more dynamic modes

in the frequenig range of pilos control would give erroneous results. Prime examples in-
clude the F-14%3 and the YF-17%% designs. The F-14's stability augmentation system was
designed to increase the low short-period frequency. At one stage of the design it appear-
ed to do that well in landing approach, but it also introduced higher-order dynamics which
resulted in an overall "effective short-period frequency" little changed from augmentation-
off. In a flight evaluation of predicted YF-17 characteristics using the FDL-Calspan
NT-33 Variable Stability Airplane, pilots rated the short-period response poor to bad. It
is pertinent that a configuration intended to have good flying qualities got "good" pilot
ratings in flight only after the flight control system compensation had been simplified.
Reference 14 cites a number of such problems with recent airplanes.

There are several simple mechanizations which can augment stability without increas-
ing the order of the system response. However, prefilters, forward-loop compensation,
crossfeeds, etc. are legitimate design tools which are being used on many current aircraft
and indeed seem to be the norm. These artifacts do increase system order and we need to
be able to account for their effects in the requirements. Thus, with modern flight control
and stability augmentation systems, there has been considerable confusion regarding the
"proper" selection of modal parameters such as short-period frequency and damping. Corre-
lation of Level 1 flyin% qualities requirements with characteristics of the bare airframe
is certainly not valid for augmented vehicles. We therefore focus attention on the qual-
ity of the actual overall response perceived by the pilot, rather than imply consideration
of a dominant mode as may be inferred (however incorrectly) for MIL-F-8785B. In concept,
the equivalent system approach is consistent with our belief that the pilot desires a
clean, classical, second-order response. It may not always be clear exactly what the
appropriate variable is, depending on the particular piloting task. We suggest, however,
that the problem is to convince designers to use the new flight control technology to do
the "old-fashioned" flying qualities better. This requires resisting the urge to incor-
porate technology for its own sake; for example, see References 42's discussion of flying
qualities problems of recent advanced aircraft. The message, then, is to satisfy the
intent of the specification. We have assumed that the preceding points will be discussed
in more detail in other papers at this conference. Gibson's paper is one excellent example
of translating the intent of MIL-F-8785B into design guidance.

The preceding discussion should not be taken as implying that only small benefits can
be expected from flight control technology. On the contrary, multimode control allows
tuning the "old-fashioned" flying qualities for each different task. Failure requirements
can be satisfied by redundant and reconfigurable flight control systems, control forces
can be tailored to avoid both the too light and too heavy extremes, etc. Automation of
routine pilot tasks is not new, but it is being expanded into newer areas such as Integrat-
ed Flight/Fire Control. Finally, completely new modes of operation are possible with the
incorporation of direct force control capabilities. The use of direct sideforce control
has been shown to be beneficial for air-to-sround weapon delivery when mechanized as a
Wings-Level-Turn mode controlled by the rudder pedals. In this form, such a mode comple-
ments the conventional flying qualities characteristics instead of replacing them. It is
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also interesting to note that, of the various modes evaluated on the CCV YF-16, the best
rating was given to the Maneuver Enhancement mode - the use of blended Direct Lift Control
to increase the bandwidth of the conventional pitch response.

The equivalent system approach to flying qualities criteris will be discussed in de-
tail in John Hodgkinson's paper later in this conference. After the preceding discussion,
however, it is appropriate to discuss the rationale for using equivalent systems in MIL-F-
8785C. One obvious advantage is that it preserves the data base of MIL-F-87858. It should
also satisfy the philosophy of the preceding discussion. The overall aircraft response
to pilot input has to meet second-order type requirements. There are still some questions
of interpretation to be answered, e.g. Figure 11b. Thes: were the subject of much discus-
sion at the recent Flight Dynamics Laboratory symposium,45 without resolution.

One often encounters more than one equivalent system giving a good fit. Slight dif-
ferences in the frequency range used, differences in initial parameter values, or differ-
ences in optimization procedure can lead to a multitude of "equivalent'" systems. The
situation is analogous to the nonuniqueness problem encountered by past researchers in
analog matching. Although this may present a dilemma for purposes of identifying a glnnt,
in our experience it has not been a problem for purposes of predicting handling qualities
Levels; each "good fit" equivalent system for a given higher-order system has generally
led to the same prediction of pitch tracking flying qualities.

We are currently developing better guidance for applying equivalent system parameters
to the requirements of MIL-F-8785C, (e.g. Reference 45.?.

FUTURE DIRECTIONS

We are in the midst of further revision of the specifications into a MIL-Standard and
Handbook. The Standard will be only the skeleton of a detailed airplane specification,
with blanks for the requirements. The Handbook will contain all the information needed to
fill in the blanks for a particular aircraft mission. This will consist of recommended
criteria with substantiation, including the possibility of alternative criteria being
recommended for a certain airplane class, task or form of control. As outlined by
Weingarten37b the Aeronautical Systems Division is in the midst of converting the aero-
nautical specifications it uses to this new format. Coordination with the other Military
services is proceeding, and a widespread changeover to this format is envisioned.

The format of the Handbook will also facilitate making clear what the intent of each
requi;ement is, by formalizing and expanding the information in the current backup docu-
ment. At our recent symposium, discussing the proposed Standard and Handbook, one indus-
try representative was of the oginion that the new documents should be oriented towards
forcing a dialogue between the industry flying qualities and control systems disciplines.
The implication was that flying qualities engineers may understand the requirements but
they probably do not have control over the "output" of the flight control system. An
obvious danger of this situation is that we may end up with "perfect" control of the wrong
variable.

At the FDL symposium,45 there was a feeling that a small group of researchers were
discussing minute details of the criteria, whereas practical design guidance was at a
premium., A goal of the new MIL-Standard and Handbook is to grovide such guidance. One
part of this is to provide alternate criteria in the Handbook. As the earlier discussion
showed, many criteria have been developed which are valid for at least a particular data
set or application. There must be some validity in all of them; an objective in the
Handbook will be to emphasize the similarities between the different criteria and where
they are most effective. The Handbook will also be developed continuously. The first
major activity will be the addition of STOL requirements.

There is a continuing need to define the piloting requirements. As aircraft and
mission tasks become more complex certain tasks may be automated, such as Integrated
Flight/Fire Control (IFFC). Optimum performance is achieved through the correct balance
of manual and automatic control inputs. Operational requirements such as night in-weather
ground attack will only be satisfied by a truly integrated design of the aircraft response
characteristics, display and controller characteristics and the automatic functions. We
plan to add more rigorous consideration of closed-loop or pilot-in-the-loop criteria.

Transfer functions are inherently linear representations of the actual dynamics.
Various requirements state sgecifically that they apply to all amplitudes of motion and
to each cycle of an oscillation. Generally, the intent in the specification is to estab-
lish bounds on parameters of a rational quasilinear representation of the system for all
reasonable amplitudes of control inputs and airplane motions (with separate requirements
at such extremes as residual oscillations and stalling). The control saturation due to
very high feedback gains can result in poor flying qualities at moderate to large ampli-
tudes, by altering the motion parameters too severely from their values at small ampli-
tude.i4 In more general terms, a large portion of the specification is based on small
perturbation analysis. We are initiating an effort to develop non-linear analysis tech-
niques for use in the Handbook.

Lastly, we need to ensure that the new Standard and Handbook will be used in future
aircraft system procurements. This requires that they be validated against a recent,
highly augmented aircraft. We plan to identify the requirements that are critical to both
performance and cost. Piloted simulation will be used to study the sensitivity of critical
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requirements, i.e., what is the effect of off-nominal conditions? By implication, the
process will identify the requirements that shouid be weighted heavily vs. ones tilt do
not have much impact. If this can be done, we feel that both ASD and industry will accept
the flying qualities Standard and Handbook as essential to preventing the delays and costs
of curing flying qualities deficiencies during flight test.

CONCLUSIONS

We have seen that the flying qualities research/of the 1970s produced a weslth of
criteria. At the same time the use of flight control technology to modify flying qualities
expanded and the specification lost much of its credibility among £flight control designers.
The current solution is to apply the requirements to psrameters of an equivalent match to
the actual high-order dynamics. This will make clear that the requirements apply to the
overall response to pilot or external imput, not to any particular or dominant mode. A
further revision is currently in progress which is intended to address the mission
requirements more directly. For the future we see even more emphasis on closed-loop
criteria applied to the piloting task.
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STATUS OF VTOL AND VSTOL FLYING QUALITIES CRITERIA DEVELOPMENT
WHERE ARE WE AND WHERE ARE WE GOING?

by
John W. Clark, Jr. and Kevin W. Goldstein
Aerospace Engineers
Afircraft and Crew Systems Technology Directorate
US Naval Air Development Center
Werminster, Pennsylvania, USA 18974

SUMMARY

Over the past decade, a number of weaknesses and omissions have been uncovered in
the VSTOL and Helicopter Flying Qualities Specifications (MIL-F-83300 and MIL-H-8501A).
Identification of these weaknesses has apawned technology development in a number of
areas. This paper presents results (both interim and final) in some of these areas, the
status of existing data bases and the future criterias development needs as perceived by
the US Navy. Specific areas addressed include: (1) information display and IMC
(Instrument Meteorological Conditions) flight requirements; (2) criteria definition for
highly augmented, multi-mode control schemes; (3) requirements unique to the smsll
seaborne platform operational environment; (4) requirements unique to varied rotor
configurations. Both fixed-wing and rotsry-wing criteria sre considered.

INTRODUCTION

The US VSTOL Flying Qualities Specification, MIL-F-83300 (reference 1), was adopted
in Decemder, 1970. Since its adoption, the specification has never been used in the
procurement of a new airframe (either fixed-wing or rotary-wing). It has, however, been
evaluated through ex post facto application to the charscteristics of existing prototype
snd production fixed-wing VSTOL configurations including the AV-8A, YAV-8A and VAK-191B
(references 2 through 4). As a result of these applications, a number of potential
weaknesses and shortcomings have been identified in the specification. Both
quantitative requirements and qualitative classifications have been found to be in need
of revision, primarily in the areas of IMC operation, display requirements, hover and
low-speed flight control power and response, highly augmented vehicle dynamic response
and small deck shipboard operations. Considerable criteria development effort has been
expended over the past five years to improve the requirements in these areas. This
paper will attempt to provide an overview of resulting proposed criteria for hover and
low-speed flight as well as interim results for the transition/conversion regime for
fixed-wing configurations.

With the development of a new generation of rotary-wing aircraft for military
: operations, it has become apparent that the present helicopter handling qualities
specification, MIL-H-8501A (reference 5), cannot accurately assess the charascteristics
of these aircraft. The fact that HIL-H-6501A was last updated 20 years ago only tends
to aggravate the problem. The US Navy Light Airborne Multipurpose Cystem (LAMPS)
SH-60B, the US Army Utility Tsctical Transport Aircraft System (UTTAS) UH-60A, and the
Advanced Attack Helicopter (AAH) sll use advanced flight control systems for stability
and control augmentation. The need to specify the flying qualities of these state of
the art vehicles/control systems has necessitated the use of "type specifications” or
. "prime item development specifications®™ uniquely devised for each new asircraft/ocoatrol
system. Many papers have been written describing the numerous shortcomings of
MIL-H=-8501A in realistically regulating handling qualities of present and future
helicopters (references 6 through 10), indicating s very resl need for an updeted
version of the specification. These areas include mission oriented criteria and
quantitative oriterias sddressing degraded flying qualities. To facilitate the
development of revised criteria it is necessary first to compile a data base of past and
present helicopter stability and control characteristics. This paper presents the
beginning of such a compilation,

The SH-60B and CH-53D single rotor helicopters are comparatively anslyzed against
the fundamental flying qualities characteristics addressed by MIL-H-8501A. Vertical
control response and sutorotation criteria are not included at this time. Flight test
data for the XH-59A Advancing Blade Concept (ABC), the XV-15 tilt rotor, and the CH-86A
tandem rotor are also included and discussed.

Pt e s AT A R S v~ s e

In the development of the present day VSTOL handling qualities apecifications,
MIL-F-83300 (reference 1) and AGARD 577 (reference 11), extensive rotary-wing pilot
rating dats were snalyzed to substantiate the finalized hover/low-speed criteris.
Although AGARD 577 is not intended to be a helicopter specification and MIL-F-83300 has
not been used by the Army or Navy for a helicopter development program, these
specifications do supply alternative methods of addressing VIOL handling qualities
characteristics. The alternative criterias from MIL-F-83300 and AGARD 577 sre direotly
compered with the criteria from MIL-H-8501A to highlight the helicopter specification
deficiencies and vehicle snomalies.

& The body of this paper is intended to summarige the primary areas of weakness in
applying MIL-F-83300 to fixed-wing configurations end MIL-N-8501A to rotary-ulng
V configurations. Progress mede in overocoming these weaknesses is detailed and plens for

Y
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future development efforts are presented. Although there is overlap in a number of
areas, an attempt has been made to separate fixed sand rotary-wing developments for the
purposes of discussion.

MIL-F-83300 DEFICIENCIES

As previously stated, experience since the adoption of MIL-F-83300 has identified
deficiencies in the specification. A comprehensive review of the specification and
identification of its potential weaknesses was performed by Hoh and Ashkenas of Systems
Technology, Inc. (reference 12)., The significant results of this review are summarized
in the following.

As currently written, the specification assumes that "IFR capability is inheremt in
all military aircraft operational missions and, therefore, the detailed requirements are
intended to reflect this assumption®. The Navy's mission is considerably more demanding
than that implied in the specification background. It encompasses operations abosrd
small seaborne platforms in a highly dynamic environment (up to Sea State 5) and
extremely low visibility conditions (700 ft visibility). Since required flying
qualities for VSTOL operation in such an environment can be significantly different than
those for VYMC and other IMC conditions, it is imperative that a specific delineation of
task, environment and information display needs be included when defining requirements.

The MIL-F-83300 requirement on cockpit control gradient requires a smooth and
stable variation of control force with airspeed for both pitch and roll controllers.
While control force gradients of some type are required, it is questionable as to
whether gradients with speed are always desirable - particularly when attitude
sugmentation is implemented. For example, an attitude command control system requires a
force gradient with sttitude which is most likely independent of airspeed. Therefore,
the cockpit control gradient criteria should be dependent on the type of control
augmentation implemented. Likewise, cockpit controllers other than center stick type
(e.g., sidestick controllers) must be considered for advanced VSTOL aircraft.

Dynsmic response requirements in the specification (for both hover/low-speed and
forward flight) are based on simulator and flight experience which are now more than 10
years old. For the most part, the requirements are not realistic for the Navy's
proposed mission or state of the art control augmentation schemes which exhibit
responses which are significantly different from the "classical™ VSTOL dynamics
considered in the development of MIL-F~-83300. Revised requirements are needed which
specifically account for charscteristics unique to attitude, attitude rate and
translational rate augmentation systems.

MIL-F-83300 specifies required vehicle control power in a general fashion in teras
of attitude change required in one second or less following sn abrupt application of
control. With this approach, the breakdown of control power required for trim,
maneuvering and disturbance regulation is not addressed. The “attitude in one second®
specification is far too genersl to adequately design highly sugmented attitude systems
and is especially inadequate for direct force driven translational rate control systeas.
One ‘proposed solution to the problem is the specification of bandwidth limits on
specifically defined equivalent response charascteristics. Further analysis, simulation
and flight experience is needed in this asres.

Height control/response cherescteristics are currently specified in terms of
available control power (both incremental vertical scceleration and steady-state
thrust-to-weight) sllowable control command lags and minimum rate of climd response.
The fact that these parsmeters are specified independently does not asllow for tradeoffs
to meet the overall response requirement for the Navy shipboard lasnding task. It has
been proposed that specifying a oriticel meneuver in a given disturbance environment
will sllow for design trades between available thrust level, engine response time and
inherent aircraft/control dynsmics (e.g., equivslent height damping) to achieve the
desired overall response characteristics.

In genersl, the forward flight (35 knots to conversion speed) and transition
requirements of MIL-F-83300 are inconsistent with the corresponding requirements of the
CTOL specification, MIL-F-8785C (reference 13). Not only is there inconsistency in the
quantitative level of the requirements but slso in the format in which they are
specified. MIL-F-8785C now uses "equivalent"™ dynamics where dominant mode dynsmics were
previously specified. An updete of the sppropriste sections of MIL-F-83300 is required
to be consistent with the equivelent dynsmics spprosch, particularly at the conversion
speed interface.

As indicated by the preceeding summary, a number of sections of MIL-F-83300 sppesr
to be in need of some degree of revision., Teble 1 lists the specification paragraphs
which heve been identified end indicstes those areas where effort has been, is being or
is plenned to be devoted to each by US Navy sponsored research, and whether or not a
revision has been proposed.

The following sections of this paper will detsil the results of studies to date
which heve culminated in proposed criteria in two areas - (1) Control/Display System
Criteria and (2) Mover/Low-8Speed Equivalent System Criteris. These sections are
followed by interim results of ongoing snelysis looking st Forward Flight/Trensition
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TABLE 1: SUMMARY OF CRITERIA REVISION EFFORTS

SUBJECT

Appliocation
Operation under instrument flight conditioms......

Hover and low speed
Equilibrium characteristics
Cockpit control gradients......cevevvevecvcncasne
Dynamic response requirements
Pitch (roll).cccceccscsccensevsocsnccccccossnnans
Directional damping...cccccccccecnnsccccccssncsns
Control chareacteristics
CONLrol pPOWer..c.cccvacvcacecscocscssvsccsccsscnses
Response to control input...cccecececccccscncnsns
Maneuvering control margin...c.ccececesscccccsncnse
CONLrol lagS..ceeconceccecascrnssnsosssoscassossnnss
Vertical flight characteristics
Height control power......cccceeceevescccccncons
Thrust megnitude control lagsS...ceccecceccscscas
Response to thrust magnitude control input......

Forward flight

Longitudinal equilibrium.....ccceceecscccccccsnnens

Lorgitudinal dynamic response€..ccccscccccoccscssass

Pitch control effectiveness in maneuvering flight
Maneuvering control margins....cccvecccecccsnsas
Speed and flight-path control..cceeevececocacoss

Latersl-directional characteristics
Lateral-directional oscillations (Dutch Roll)...
Roll wode time constant......ccocvcceccsccsnnaes
Spiral stability...cceceecrccnevcnccncosccccnans

Roll-sideslip coupling.ccceeceveossncsascssnsenaes
Bank angle oscillations......ccccevenencecccnnnen
Sideslip excursions....ccececscesccccscsnncncses
Turn coordination....ccceeececcescnoncecccacsnsane

Transition
Acceleration-deceleration chsracteristics.........
Flexibility of operations....ccooccrecceccscscsses
Tolerance in transition program.....cccerceesacese
Control Margin.....coceeoneeesssosscnsscosccsnssosns

Characteristics of the flight control system
Mechanical characteristics
Control centering and breakout forcesS...........
Cockpit control force gradients.....cceccecences

Atmospheric disturbances......ccovcvvccccssocssscnse

PP DM MEDE M M
OO0 OO QO »x

0000000 OO0 XX

0000

O0O0O000O00 MO XX

O M2

O O000 OO0 O

MMIMMIMMNK MM OO

4 3¢ 2¢ 3¢

OO0 MOXO M O

0000000 OO OO

0000



http://www.abbottaerospace.com/technical-library

L RS . LN B == B =n BV, W = B Vg
24

Equivalent System Criteria.

CONTROL/DISPLAY SYSTEM CRITERIA

The complex interaction between displayed information and control augmentation
available to the pilot has been known and studied over the years for CTOL aircraft.
Research has concentrated on air-to-air tracking and, to some extent, on limited
visibility, conventional approach and landing. The Navy VSTOL mission requires
operational capability which includes extreme low visibility recovery aboard small ships
in up to Ses State 5 conditions (reference 14). If this goal is to be achieved, the
displey systems (both Head Up (HUD) and Head Down (HDD)) must become an active,
integrated part of the aircraft control system design.

The trade between increasing display sophistication and increasing control
complexity was hypothesized in a 1972 AGARD Report (reference 15) and is repeated here
in Figure 1, As depicted in the figure, system capability can be increased by either
"sophisticating" the display (increasing information/integration) or "sophisticating”
the control system (successively augmenting outer loops). Inherent in this hypothesis
is increased system cost regardless of the approach taken. Note that the axes of Figure
1 are not quantified in any way and, therefore, give little specific guidance to the
system designer.

lnto,nbd

= = ——Lines of constant
haordware cost

Lines of constant
pllot workload

Status
Information

increasing Display Sophistication——

FIGURE 1: AGARD CONTROL/DISPLAY TRADE-CFF

Two recent research prograsms conducted by Calspan Corporation using the Nuvy's
X-22A Variable Stability VSTOL Research Afircraft attempted to quantify the
control/display tradeoff. The first of these studied decelerating, descending
trensition to hover under IMC conditions utilizing an HDD (see reference 16 for
details). Control complexity varied from a basic rate augmentation system to decoupled
velocity control. The display formats were varied from basic position situation
information to integrated flight director information. Figure 2 summarizes the results.
The genersl conclusion of the study, as evidenced by Figure 2, is that the hypothesized
interaction between control augmentation and displuy content is exhibited in flight.

The following specific conclusions also resulted:

The minimal level of displayed information must include translstional velocity
information to obtain acceptable performence, regardless of the level of control
sugmentation. This requirement is primarily hover oriented and reflects the
pilot's dislike of having to obtain translastional rates implicitly from the
movement of symbols on the display.

Rate augmentation slone is not acceptadble for the total IMC task unless full
control director information is provided. Performance with the rate system in
crosswinds became unacceptable even with full director information.

Decoupling snd sugmenting the longitudinal and vertical velocity responses to
control inputs considerably enhanced task performance and tended to eliminate the
veristion of pilot rating with display sophistication in the configurations where
ground velocity was explicitly displayed.
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FIGURE 2: X-22A TASK IV FLIGHT RESEARCH RESULTS

The second program (reference 17) investigsted control/display tradeoffs for a
vectored-thrust, jet 1lift VSTOL aircraft performing a "one-step" decelerating,
descending transition to the hover. The primary conclusions of the previous study were
supported by the results of this study.

In general, it has been determined that varying the display content once the
display hardware has been fixed results in insignificant change in total system cost.
Therefore, once the required level of control augrentation is defined based on mission
operating environment, the displey content and format may be optimized based on
anticipated visibility minimums. Hoh and Ashkenas (reference 18) have proposed a scheme
to facilitate the specification of control asugmentation level and general display format
as a function of visibility level. To better define visibility level, an Cutside Visual
Cue (OVC) scele has been established which provides a finer delineation than strictly
VMC and IMC. The OVC level is defined as a function of the relative availability of
position, attitude and velocity visual cues (Figure 3). Using the OVC scale, Table 2
specifies the minimum acceptable level of hover control augmentation for a given display
format/content and visibility level. Table 2 is amply supported by available date and
appears to be a reasonable approach to specifying VSTOL design guidelines, particularly
for hover and low-speed flight. Keep in mind that with this approach the displayed
information must be optimized for the given sugmentation level and display format.

ove CUE AVAILABILITY
LEVEL | ATTITUDE=—Ll—e-POSITION/VELOCITY
(5] 1 Eesly cbtoined Eaolly ebtained
2 Ful fon
eun:r:;dhb Eoslly obleined
continuous ettitude
-—--—-{-—
| T | R he
e odequate over meet | Position infermetion
of viowe! fioid I marghel, westy
1 ot times
@ s Unovalible Unovelistie

FIGURE 3: PROPOSED OUTSIDE VISUAL CUE (OVC) SCALE

HOVER/LOW-SPEED EQUIVALENT SYSTEM CRITERIA

Another ares of proposed revision is the application of low-order dynamic criteria
to complex, high-order closed-loop asircraft/control dynamics of the type most likely to
be exhibited by advanced VSTOL aircraft. Current thinking within the Navy and elsewhere
tends to support the "Equivalent System"™ (ES) approach implemented by Hodgkinson and
LaMenna (reference 19) and included in the revision to the CTOL Flying Qualities
Specification, MIL-F=8785C (reference 13). A recent Navy sponsored study (reference 20)
developed guidelines for the application of ES analysis to hover and low-speed flight
and revised dynamic criteria in an ES format have been proposed.
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Highly augmented VSTOL configuration models with oversll system response types such
es those of Table 2 must be simplified in some unified manner so that their
characteristics may be readily identified by a limited number of equivalent parameters.
The frequency response matching ES technique is being utilized in the CTOL regime with
reasonable success and shows promise for similer application to VSTOL configurastions.
Briefly, the approsch used is to match the frequency response (amplitude and phase) of
the high order system (HCS) over a given frequency range with a preselected low-order
?ygten (LOS) model which minimizes the cost function or mismatch, M, dellned by equation

1).

M = 20/n 5:((gain(HOS)-gain(Los))2+57.3(phaae(Hos)-Phase(Los))2) (1)

where gain is in db and phase is in radians., Large axounts of high frequency lag are
accounted for by including a transport lag (delay) in the equivalent system model.

Figure 4 shows the results of applying this procedure to the hover roll attitude
command transfer function of the VAK-191B. In this case the HOS is 1st/5th order and
the LOS is Oth/2nd order with a transport lag. The figure shows that, for this case,
the HOS is matched very well (M=2.1) by the specified LOS form. Note that in order to
obtain & good high frequency match, a trensport lag of 0.092 second wss required in the
LOS model. This case is a perfect example of the potentially erroneous system dynamic
information which might be gained by considering only the dominant oscillatory mode of
the HOS. Here the dominant (only) oscillatory mode of the HOS has a damping &nd
frequency of 0.89 and 8.59 radians/second, respectively; whereas, the corresponding
parameters of the oscillatory mode of the LOS are 0.89 and 3.75. The time domain
responses are essentially identical (except for the first 0.1 seconds). Applying a
frequency domain criteria based on a second order type response to the HOS dominant
oscillatory mode would most probably be in error.

20 HOS s 29916(.480)
_ W (.550)(2.60) (22.9)(.89, 8.59)
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89.10 ¢
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FIGURE 4: VAK-191B ROLL DYNAMICS IN HCVER

Simulation results (reference 20) have indicated that, for attitude control in
hovering flight, the equivalent system match should be achieved between 0.5 and 4.0
radians/second to within a mismatch, M, of 100 or less. Equivalent time deley of 0.1 1
second or less was found to be satisfactory (Level 1) end 0.3 second or less was 1
scceptable (Level 2). Additional simulation has been performed in this area
specifically addressing translational rete control in hover and attitude control in
forward flight.

Criteris revisions have been proposed which would replace all or part of Paragraphs
3.2.2, 3.2.3 and 3.2.4 of MIL-F-83300. These paragraphs address hover attitude

VR i ol M
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stability and control dynsmics in terms of dominant modal parameters (frequency and
damping) and response in one second with no differentiation between various types of
augmented response characteristics (rate, attitude, translational rate, etc.). Table 3
summarizes the exlsting specificstion Level 1 requirements, The proposed revisions to
these requirements are based on an ES approach which allows for several unique LOS
formets including sttitude, sttitude rate and translstional rate systems. The criteris
for esch type of response s well as a proposed classification scheme are detsiled in
the following.

The proposed LOS form for both attitude and sttitude rate augmented vehicle
response is given by equation (2).

K(841/T)e" "8

z (2)
(s+2)(8242¢us+n?)

attitude change

cockpit control deflection

For attitude response, the LOS form reduces to that of equation (3).

Ke-u

= (3)
(3%42¢us+ut)

attitude change

cockpit control deflection

These forms are presented in reference 18 and are based on an extensive compilation of
VSTOL vehicle dynamics. Criteria are defined for the LOS parameters (K, 1/T, etec.)
depending upon whether the response is attitude or rate in character, The delination
between the two general types of response is provided by the time domain criterion of
Figure 5. If the impulse response of the system lies within the boundaries of Figure 5,
it must satisfy the attitude criteria. If it violates the boundaries at any point, it
is considered to be a rate system.
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FIGURE 5: PROPOSED ATTITUDE RESPONSE CRITERIA

Once the response type is classified and its LOS equivalent is determined, the
following criteria are used to assess dynamic ascceptability. For attitude rate ayatems
to be Level 1, the numerator root must be less than or equal to 0.1. The speriodic
denominator root must be greater than or equal to 1.5 and the oscillatory damping and
frequency and high frequency gain must satisfy the criteris of Figure 5. Level 1
attitude systems must meet the corresponding frequency, damping and gain requirements of
Figure 5. Acceptable levels of time delay have been previously defined.

Close comparison of Figure 5 and Paragraph 3.2.2.1 of Table 3 reveals that the
combined proposed criteria cover roughly the same region of acceptability as the
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TABLE 3: HWIL=F~83300 HOVER ATTITUDE STABILITY AND CONTROL REQUIREMENTS

1
3.2.2 Dynamic response requirements %

3.2.2.1 Pitch(roll). The following requirements shall apply to the dynamic i
responses ol the alrcraft with the cockpit controls free and with them fixed i
following an external disturbance or an abrupt pitch (roll) control input in either 1
direction. The requirements apply for responses of sny magnitude that might be
experienced in operational use. If oscillations are nonlinear with smplitude, the
oscillatory requirements shall apply to each cycle of the oscillation,

Level 1: All aperiodic responses shall be stable. Oscillatory modes of
frequency greater than 0.5 radians/second shall be stable. Oscillstory modes
with frequency lescs than or equal to 0.5 radians/second may be unstadble
provided the damping ratio is less unstable than -0.10. Oscillatory modes of
frequency greater than 1.1 radians/second shall have a damping ratio of at
least 0.3.
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3.2.2.2 Directional damping. While hovering at zeroc airspeed, the yaw mode shall be
stable and the time constant shall not exceed the following:

Level 1: 1,0 second

3.2.3 Control characteristics. To insure adequate hover and low-speed control
characteristics, the following requirements shall be satisfied starting from flight
at constant speed with zero angular rate.

3.2.3.1 Control power. With the wind from the most criticel direction relative to
the aircreft, control remaining shall by such that simultaneous abrupt application
3 of pitch, roll amd yaw controls in the most critical combination produces at least
3 the attitude changes specified in Table IV within one second from the initiation of
d control force application.

TABLE IV. Attitude Change in One Second or Less (Degrees)
Level Pitch Roll Yaw
1 +3.0 +4,0 +6.0

e

3.2.3.2 Response to control input. The ratio of the maximum attitude change,
occurring wEEEIn " first second following an abrupt step displacement of the
appropriate cockpit control to the magnitude of the cockpit control command shall
lie within the bounds of Table V. There shall be no objectionable nonlinearities in
aircraft response to control deflections and forces.

TABLE V. Response to Control Input
in One Second or Less (Degrees per Inch)
Pitch Roll Yaw
Level Min Max Min Max Min Max
1 3.0 20.0 4.0 20.0 6.0 23.0

PR 2B R

3.2.3.3 Maneuvering control nargin. When automatic stabilization and control
equipment or devices are use 0 overcome an aperiodic instability of the basic
aircraft, both the magnitude of the instability and the instelled control power
shall be such that at least 50 percent of the nominal control moment can be
commended by the pilot in the critical direction through the use of the cockpit
controls.

FET st s v

3.2.4 Control lags. Starting from trimmed hovering or low-speed flight, the angular
acceleration response in the comranded direction shell be developed within 0.1
second after the initiation of step displacements of the pitch, roll and yaw cockpit
controls. In addition, the initial meximum angular acceleration shall be achieved

: within 0.3 second after the initiation of the cockpit control command. These
} requirements apply for input smplitudes of up to 0.5 inches,
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existing specification does but with better system definition. Further experimentation
is needed to define consistent requirements for Levels 2 and 3.

The third cless of hover control esugrentation considered is that of translation
rate control (TRC). MIL-F-83300 does not cover this type of response but an ES criteria
has been proposed to specify satisfactory TRC dynamics. The proposed LOS form is given
by equation (4).

translational velocity K e '8

cockpit control deflection (Ts+1) ()

The Level 1 boundaries for K and T are given by Figure 6. These boundaries are based on
results from an in-flight simulation using the X-22A Variable Stability Research
Aircraft (reference 21). Further analysis of these desta are required to validate the
preliminary boundaries and 2lso to determine the effect of including a transport delay.
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FIGURE 6: PROPCSED TRANSLATIONAL RATE RESPONSE CRITERIA

The hover directional criterion of the specification (Paragraph 3.2.2.2) limits the
allowable first order time constent for Level 1 yaw rate response to less than 1 second.
This requirement may be applied directly in the ES format if the following LOS form is
assumed.

yaw rate K

4
cockpit control deflection (s+1/T) 5

Acceptable levels of the gain, K, in equation (5) are defined by Figure 7. The
requirement of Figure 7 is merely a reformulation of the yaw criterion of Paragraph
3.2.3.2 of MIL-F-83300.
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FIGURE 7: YAW RESPONSE CRITERIA
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FORWARD FLIGHT/CONVERSION CRITERIA

Revision effort on criteris applicsble to the forward flight and transition regimes
is nowhere near as far along a3 that for hover. The hover regime has received the most
attention to date decause, for the Navy mission, it involves the most severe opereting
environment and has the most rigorous mission control requirements. Now that hover
requirements appear to be better defined, attention is being directed to correcting
identified deficiencies in forward flight criteria. In particular, two studies sre
currently underway which address forward flight equivalent system anslysis and criterias.

The first of the studies is being done under contract by McDonnell Aircraft
Company. Through analysis and manned simulation, it is addressing aspects of applying
the frequency response equivalent system approach to typical VSTOL forward flight system
models. Control mode blending characteristics and attitude retention cheracteristics
are also being studied. To whatever extent possible, control power usage during the
simulation will be documented. The program is scheduled for completion in July 1982.

The second program is being performed by Systems Technology, Inc., and is
concentrating on updating specific criteris. So far, this effort has progressed slowly
due to a lack of availability of relisble data. To remedy this situation, a manned
simulation effort, specifically dealing with transition flight, is planned for September
1982 at the NASA Ames Research Center. The priority asreas planned for investigation
include: (1) revision of existing Forward Flight Criteria to allow for application to
highly augmented aircraft; (2) investigation of disturbances due to actuation of
conversion controls; (3) unique charscteristics of final transition to the hover; and
(4) blending requirements when transitioning between different augmentation schemes.

This concludes the discussion of fixed-wing criteria development. The remainder of
the paper will deal with ongoing and planned efforts specifically addressing rotary-wing
criteria.

MIL-H-8501A DEFICIENCIES

In comparison to the VSTOL specification, MIL-F-83300, very little systematic work
has been undertaken within the past decade to update the helicopter specification,
MIL-H-8501A. As mentioned above the major military helicopter development programs
since 1965 have used type specifications designed exclusively for the flying quslities
characteristics of a particular vehicle mission and rotor configuration. Although the
type specifications were at first basicelly MIL-H-8501A with slight revisions, recent
development of the SH-60B and the AAH have had type specifications very different fros
MIH-8501A. This is due to the need to address the increased mission requirements of
these helicopters. The launch and recovery of the SH-60B from a seaborne platforms in up
to Sea State 5 conditions is an example of these requirements. Recent work with the HINM
type specification highlighted new problem areas, including the need to address any
characteristics that may be unique to a tilt-rotor configuration. Through the past
decade many papers have been written describing specific areas MIL-H-8501A is deficient
(references 8,9,10). The major problem areas described by these papers are discussed in
the following paragraphs.

MIL-H-8501A presently addresses helicopter flying qualities in teras of the
longitudinal, lateral, directional and vertical axes. There is no systematic
delineation between hover/low speed characteristics and forward flight charscteristics.
In hover a helicopter pilot tends to use longitudinal, latersl, and directional controls
independently. For example, in a station keeping task translation along the
longitudinal and lateral axes is implemented by the respective cyclic input, while
heading angle is controlled by pedal inputs. Forward flight characteristics of a
helicopter resemble those of an airplsne, thus the pilot needs to use lateral and
directional controls in a coupled manner. Also many single rotor helicopters show a
coupled pitch-roll dynamic oscillation in hover, whereas in forward flight a dutch roll
type of response is characteristic. A breakdown of the helicopter specification into
hover/low speed criteria and forward flight criteria (similar to MIL-F-83300) would be a
means to address the different axis couplings between hover and forward flight.

A suggestion by Key (reference 8) is that a restructuring of MIL-H-8501A in line
with MIL-F-83300 and MIL-F-8785C would sllow for a more thorough covering of degraded
flying qualities. MIL-H-8501A presently hes qualitative criteria for failures of power
boosted controls, sutomatic stabilization systems and engine failures. Table & presents
one section of a criterion addressing failure of an autometic stabilization system.
There is little guidance available on what a sufficient level of control or stability is
quantitatively. With the complex asugmentation systems being employed on the SH-60DP and
the CH-53E there is a need to set minimum quantitative levels of degraded flying
qualities for partiasl AFCS failures and single or dual engine failures. The three
levels of flying quslities used in the VSTOL and CTOL specifications could be
incorporated in MIL-H=8501A to specify quantitative levels of degraded flying qualities
for control response, stetic stability, and dynsmic stadility in any flight wmode.

A third area that could benefit from a restructuring of MIL-H-8501A is in defining
criteria that are mission oriented. The helicopter specification currently uses a
weight parsmeter for hover coatrol power considerations that is the result of scaling
laws snd not meant to represent the variations in control response due to vehiocle mission
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differences. Both the VSTOL and CTOL specification define four clsss of vehicles
according to overall mission requirements slthough in FIL-F-83300 the class distinctions
are only used for control force limits snd roll control effectiveness in forward flight.
Table 5 shows a general breakdown of mission as used in MIL-F-83300. Shipboard recovery
a?d nag;o{-:he-earth (NOE) flight missions could be incorporated into these type of
cless divisions.

TABLFY4: EXAMPLE OF MIL-H-8501A CRITERIA FOR STABILIZATION SYSTEM FAILURES

3.5.9(d) Helicopters employing automastic stabilization and
control or stability augmentation equipment or both
shall possess a sufficient degree of stability and
control with all the equipment disengaged to sllow
continuation of normal level flight and the maneuvering
necessary to permit a safe lending under visuval flight
conditions.

TABLE 5: MIL-F-83300 CLASSIFICATION OF AIRCRAFT
CLASS DESCRIPTICN '
I Small, light aircraft such as

= light utility
« light observation

II Medium weight, low-to-medium
maneuverability aircraft such as
- utility

- search and rescue
- anti-submerine
- assault transport

111 Large, heavy, low-to-medium
maneuverability aircraft such as
- heavy transport
- heevy bomber

Iv High maneuverability aircraft
such as
- fighter
- attack

The probability that future helicopters will have fly-by-wire (FBW) or fly-by-light
(FBL) control systems is very high., 1In conjunction with the FBW/FBL technology it is
planned that 4-axis sidestick force controllers will be part of future helicopter
control systems. MIL-H-8501A, similer to MIL-F-83300 presently specifies sttitude
response per inch of control displacement, as well as static stebility requirements in
terms of control position gradients. The fact that MIL-H-8501A can not give adequate
design guidance in the areas associated with sidestick controllers or FBW control
systems was highlighted in the development of the HXM type specification. The Army is
currently funding a program to fill in the large gap of necessary handling qualities
data to develop criteria cddressing level 1 flying qualities with FBW/FBL sidestick
controllers, as well as degraded flying qualities due to SCAS failures.

The Navy has begun an independent program assessing the basic flying qualities
criteria in MIL-H-8501A against the VSTOL specifications (MIL-F-83300 and AGARD 577) and
representative present and future rotary wing aircraft. The significesnt results from
the assessment of hover control power criteris snd dynamic response criteria are
presented in the following sections.

HOVER CONTRCL POWER

Helicopter control power requirements are ususlly determined by hover control
mission requirements. As described above, MIL-H-8501A uses a weight parsmeter to
specify attitude response within one second or less. In an extensive review of
MIL-H-8501A, Walton and Ashkenas (reference 6) suggest that the MIL-H-85014 weight
dependency is too simplified to give adequate guidance for various vehicle missions. On
the other hand, the two VSTOL specificetions specify a constent limit of attitude
response, A comparison of the VSTOL specificstion boundaries and the MIL-N-85014
requirement for roll sttitude per inch of lateral control displacement as & function of
the vehicle gross weight is shown in figure 8. The lower bounderies of all three
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specifications are substantisted ty the level 2 rating given to the XV-15 with
augmentation off. There are two other major points to be raised from figure 8. First
the CH=-53D AFCS on response has been described ss quite adequate for the asssasult
mission, yet the vehicle does not satisfy the VSTOL boundary. This then substantistes
the need for some type of weight dependency as used by MIL-H-8501A. It is questionable
whether or not pilots will accept a lower response for extremely large vehicles like the
HLH (GW=130000 1b). A vehicle in this weight category would only need to sttain a bank
angle of 2.1 degrees within one second for a one inch latersl stick displacement to
satisfy the MIL-H-85C1A requirement. The second point from figure 8 is the large
difference in roll response between the similar weight SH-60B and CH-M6A (ten degrees
per inch versus four degrees per inch). The CH-U46A has been described as having very
adequste response characteristics for its assault and vertical replenishment missions.
The SH-60B hes been qualitatively described as having just adequste response
characteristics for a turbulent, high sea state condition, chsracteristic of the LAMPS
mission. Yet the SH-60B shows a response well above the visual flight rules (VFR) or
instrument flight rules (IFR) MIL-H-8501A boundary. The difference between these two
vehicles then raises the point of having attitude response criteria s function of
mission and weight. In particular the small landing platforms and dynamic atmosphere
conditions Navy helicopters will be expected to launch and recover from are an example
of a mission that may not be adequately designed for by the still wind, out-of-ground
effect control power criteria in MIL-H-8501A.
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FIGURE 8: HOVER ROLL RESPONSE COMPARISONS

To insure that the helicopter response is not initially too sensitive MIL-H-8501A
also has minimum engulsr rate criteria for the longitudinal, lateral, and directional
axes. Using these damping boundaries with the above attitude response criteria, rate
damping versus sensitivity boundaries can be developed. Figure 9 shows the ABC and
tilt-rotor compared to the MIL-H-8501A requirements for the yaw axis. The interesting
point here is that neither aircraft satisfied the requirement yet the ABC has been
described in a recent Navy flight test program as having "crisp, predictable"™ yaw
control and that the "high yaw rates (in excess of 45 degrees per second) that resulted
from one inch pedal step inputs were well-damped and easily arrested, allowing large,
rapid heading changes.” The XV-15 in comparison was described as sluggish snd not
adequate. The ABC develops yaw control through differential collective of the two rotor
systems while the tilt-rotor develops yaw control via fore and aft nacelle tilting. The
results shown in figure 9 show an appsrent anomaly between MIL-H~8501A and the different
rotor configuration of the ABC and tilt-rotor. Figure 10 shows the pitch response
cheracteristics of the SH-60B, CH-53D and the XV-15, Similar to the directional axis
MIL~-H-8501A adequately predicts the single rotor vehicle ratings (the SH-60B and the
CH-53D) but again the tilt-rotor shows a discrepancy.
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FIGURE 9: YAW RATE VS. SENSITIVITY COMPARISONS
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FIGURE 10: PITCH RATE VS. SENSITIVITY COMPARISONS

Overall it wes found that the MIL-H-8501A attitude response and sngular rate
damping criteria gave minims)l design guidance in comparison to the vehicles anslyzed.
Further analysis and data asre needed to determine the effect of vehicle mission and
varied rotor configurations.

DYNAMIC STABILITY

Following a disturbance (control or atmospheric) to a helicopter in hover the above
rete damping criteria should ensure an initial satisfactory response. After this
initial response the aircraft may still have an unacceptable dynsmic response. In a
precision hover task it is mandatory that the pilot be able to easily correct for
unwanted oscillatory responses. Uncommanded pitch or roll responses can cause tracking
or station keeping errors, plus any short period dynamic resporises must be well-damped
S0 as not to impede precise control of the helicopter.

Satisfactory boundaries for dynamic stability characteristics are defined by each
of the specificetions reviewed throvgh the use of second-order response parameters. The
general trend is similar for all the specifications such that short period oscillations
require a damped response while for longer periods, neutral stability to slight
instability is acceptsble. Figure 11 shows a plot of nondimensionsl damping ratio
versus damped natural period with a comparison of the three specifications for pitch or
roll hover dynamic responses., Note that only MIL-H-8501A has a sepsrate boundary for
VFR conditions. As mentioned sbove, it is assumed within MIL-F-83300 that "IFR
capsbility is inherent in all military eircraft operational missions." For the limited
data available very few conclusions can be drawn about the adequacy of the
specifications boundaries. Of the three aircraft shown only the SH-60B shows »
"conventional" phugoid mode. Reference 7 presents the point thast for modern helicopters

a
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FIGURE 11: HOVER LONGITUDINAL DYNAMIC STABILITY REQUIREMENTS
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the figure 1! MIL-F-83300 boundary is generally undemending. This s questionabdle
considering the SH-0608B response that WNavy pilots desoribed as sdequate for the LAMPS
sission. Both the CH-53D and the XH-59A heve also been qualitetively desoribed as
having level 1 characteristics. In particulsr the CH-53D has essentislly desd-bdeat
dynssic responses in hover. Ffros the dats anslysed it appears that MIL-H~-85014 gives
adequate guidance for hover dynamic responses.

Just as in hovering conditions, it is necessary that a helicopter have sstisfectory
dynamic response characteristics in forwerd flight. For exsmple, in contour flying or
mine sweeping miasions, a llowl‘ divergent phugoid response with a gradusl altitude loss
would be objectionadble. WIL-H-8501A apecifies VFR and IFR dynamic response criterias for
the longitudinal axis (the same as the sbove hover requirements), while only stipulating
IFR criteris for the latersl-direotional asxes.

Looking first at the longitudinal criteria, figure 12 shows a comperison between
the VSTOL and helicopter specification boundaries. The helicopter specification is by
far the most lenient in specifying stability requirements, in perticulsr for long period
responses (220 seconds) under VFR conditions. In contrast, the VSTCL specificetions do
not allow divergent long period dynsmic responses. With sugmentation on, the three
vehicles shown on figure 12 easily sstisfied all the specifications. Eech aircraft has
also been given level 1 ratings, in particulsr the SH-60B is described es having
excellent phugoid desmping It should be noted that both VSTOL specifications have
additional requirements for short period oscillations such that the demping ratio must
be ot least 0.3. AGARD 577 defines s short period response such that the desmped period
is less than 3 to 6 seconds. MWIL-F-83300 specifies short period requirements according
to figure 13. Note that the frequency boundary is a function of the vehicle n/a ratio.
The CH-53D was the only vehicle analyzed that showed a short period type response, and
it compared favorably with the figure 13 boundaries (e.g. £>0.3). For the vehicles
compared sgainst MIL-H-8501A, the specification gives lenient but adequate guidance for
normal flight conditions.
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The lateral-directional dynamic stability requirements as specified by the VSTOL
and helicopter specifications are shown on figure 14, The same general trend is
followed by each criterion. Note that MIL-H-8501A has no requirement for VFR
lateral-directional dynamic stability. The cluster of open symbols shows a common
damped dutch roll response for the single rotor helicopters (SH-60B, CH-53D, SH-3A)
analyzed. This type of yaw-roll coupled dynamic response has been given unsatisfactory
ratings for single rotor helicopters. Thus there should at least be a baseline criteria
limiting allowable divergent responses for VFR conditions. For augmentation on the
responses are all well-damped over a wide range of frequencies. An interesting
comparison between varied rotor configurations is shown on figure 14 as the ABC has a
dutch roll response that falls right on the MIL-F=83300 level 1 boundary. Pilots
described the ABC as having very satisfactory lsteral-directional forward flight
characteristics that were very similar to a fixed wing aircraft. A Sikorsky report
(reference 22) on the ABC compared this response to MIL-F-8785, the fixed wing flying
qualitites specification. The ABC again appears as an anomaly in comparison to the
helicopter specification boundary. For the vehicles analyzed MIL-H-8501A gives adequate
guidance for IFR lateral-directional dynamic responses but has no guidsnce for VFR
conditions.
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CONCLUSIONS
FIXED-WING

Since the acceptance of MIL-F-83300, sufficient insight has been gained to warrant
the revisicn of some sections and the addition of others to the specification. This
revision process must be an interactive one including inputs from all elements of the
VSTOL community - both government and industry. This paper has presented the status of
recent developments in the establishment of revised criteria. Specifically:

Availeble visual cue information level must be adequately
defined and included within the specification of minimum
control augmentation and display levels.

Equivalent, low order system definition sppears to be a
viable approach to the specification of levels of hover
stability and response of highly augmented VSTOL configurations.

Unique specification of response parasmeters for attitude
rate, attitude and translational rate augmentation is required.

Continuing work is planned to validate proposed criteria revisions through
in-flight simulation. Other areas of the VSTOL flight envelope (i.e., transition and
conversion) are also being examined.

ROTARY-WING

Although the need to update MJIL-H-8501A has been known for many years, very little
systematic work has been directed towards developing modern criteria. A step towards
this goal is the future Army-Navy program designed to develop an updated rotary-wing
hsndling qualities specification. This paper has presented the major deficiences in
MIL-H-8501A as cited by many previous papers as well as the significant results of a
preliminary Navy assessment of MIL-H-8501A. In particular:

MIL-H-8501A does not give adeguate guidance to sddress the
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differences in handiing qualities characteristics between
hovering and forward flight conditions.

MIL-H-8501A has very limited guidance Jor degraded flying
qualities, especially towards defining minimum charascteristics
for AFCS failures,

The hover control power criteria (attitude response and
rate damping criteria) inadequately address varied mission
characteristics or rotor configuration differences.

Pynamic response criteria are in general adequate but
very lenient, in particular for VFR mission requirements where
no guidance is given for lateral-directional responses.

Analyses in the areas of height control response, aerodynamic and gyroscopic
cross-coupling characteristics, and sutorotation criteria are underway.
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Introduction - Low order equivalent systems appear viable for mapping high order augmented
systems into a lower-dimensional form suitable for specifying flying qualities. Degrees of
allowable mismatch between high and low order systems are defined in tentative new
criteria. Alternative specification methods, such as the Neal-Smith method and the band-
width method, are fundamentally similar to equivalent systems. Because the alternative
methods involve mapping, they too exhibit mismatch.

Simulation and Specification for Aircraft - In the past, the short term pitch rate dynamics
of aircraft were readily represented by this linear second order response to stick force.

N arm, )
4. _Ks+ Y . ) (1)
Fg s2 ¢+ 28 + w2 _IT; w]

Texts such as Reference 1 define all of the terms in this function, using aerodynamic
characteristics, aircraft speed, inertia, etc. This expression ignores some other higher
order termg which have to be assessed separately -~ for example, structural modes, stick
dynamics, and the interaction of other aerodynamic modes of motion such as the phugoid.
The effects of these terms were small, as were the effects of linearization; or if they
were significant, they could be considered separately. Thus this transfer function defined
a well-accepted mathematical “simulation space” in which the response was defined.

All of the parameters in this response appeared (explicitly or implicitly) in the fore-
runners of the flying qualities Military Specification MIL-F-8785C (Reference 2). There-
fore, this set of parameters was entirely suitable for defining flying qualities regions.
The four parameters K, Tg,, Wgp, and {q, defined a well-accepted “specification space”.

For past aircraft, the dimension of the simulation space and the specification space
was the same. In emerging designs the flying qualities were determined by interpolation
between known research data points in the space. Incidentally, it requires about four
pages in MIL-P-8785 to specify flying qualities in this four-dimensional space.

Simulation and Specification for Modern Aircraft - Figure 1 illustrates a pitch rate
transfer function which emerged during development of the F-18 flight control system. The
simplifying assumptions are similar to those used in Equation (1). This is a digital
system and gome digital effects, such as aliasing filters, are included, but the effects of
sample and hold and camputational delay are not. Given that the designers will make allow-
ance for these elsevwhere, PFigure 1 was the accepted simulation model of that particular
system. The simulation space for this example had 89 dimensions. Following our experience
with past aircraft, we might estimate that to define flying qualities regions in the 89-
dimensional specification space would take B89 pages in MIL-F-8785. Clearly another
approach was needed.

i - {-0.5; 127] [-0.3; 83) [-0.07; 61] [1;0.9] [1; 1] [1;1.2](1;2.3] [1;2.8] (4) (0.1;63] (13) (14)
Fs (0.5) (0.8) (0.9) [1; 1.1] (2) [1; 2.4) (0.7;:4.7] {3.4) (3.7) (6.7) [0.2;63] [1;13) [0.4;33) [0.7;20] ~ "~

(0.4, 34) (0.34; 46) (0.56; 39] {1;22] [0.7; 37] (0.9;34] (0.9; 34] (35)

X [0.3; 42) [0.9; 18] [0.6; 27] [0.3; 66] [0.4; 85) [0.4; 105] [0.9;47] [0.3; 140) [0.4; 180)

1
X (0.7; 102) (72) [0.5; 228) (112) [0.6; 279] (0.8; 329) (268) [0.9; 378] (1; 410]

X TERMS DUE TO DIGITAL SYSTEM

FIG. 1 MODERN HIGH ORDER RESPONSE

Finding alternative methods of specifying the flying qualities of these high order
systems is a challenge. Analytical tools have emerged so that high order systems can be
specified in fewer dimensions. Examples for short-term pitch dynamics are: the equivalent
system approach, which approximates high order responses with low order responses; the
Neal-Smith method, which uses a mathematical model of the pilot; and the bandwidth method,
which takes simple frequency response measurements. If the gain parameter K is specified
separately, equation (1) has a three-dimensional specification space. The other two
methods are only two-dimensional. Human pilots, of course, process these systems to
produce a one-dimensional specification of flying qualities, namely, the Cooper-Harper
rating, as shown in Figure 2.
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FIGURE 2
FLYING QUALITIES SPECIFICATION COMPLIANCE FOR PAST AND MODERN AIRCRAFT

Equivalent System3s - As mentioned, one approach to specifying high order responses such as
that of Figure (1) is offered by the use of equivalent systems. MIL-F-8785C requires manu-
facturers to match the high order frequency responses with lower order classical forms
(e.g., equation 1). A computer program is used for matching.

Most of our experience has been with longitudinal equivalent systems, though mac.ched
equivalent systems are required for lateral-directional dynamics also. Matching disallows

the often misleading procedure of extracting a subset of the high order roots for
evaluation.

Equivalent Time Delay - Early equivalent systems studies by DiFranco, Neal and Smith, and
MCAIR (References 3, 4, and 5) determined quickly that the specification space of classical
systems defined by Equation (1) was insufficient for high order systems. For one thing,
the phase lags of high frequency modes were not accounted for. As mentioned in
Reference 1, "for low-pass inputs the major gross effect of the highest frequency modes,
assuming that they are well beyond the crossover frequency, is an initial time delay."”

As Figure 3 points out, an equivalent time delay approximates the high frequency terms
quite well. Surprisingly, in the DiFranco and Neal and Smith investigations, these delays
consistently degraded pilot ratings down. Therefore, time delay must be used in any viable
equivalent system, adding one extra dimension to the specification space in MIL-F-878S5.
Equivalent delays of .1, .2 and .25 seconds are the upper Level 1, 2, and 3 limits. More
recently we have defined phase delay, T, (Figure 4). This enables the engineer to extract

the time delay effect from a phase frequency response by hand. Usually, Tp is numerically
very similar to equivalent delay.

Some idea of the importance of delay effects is gained from regression analysis of
Neal and Smith's 61 configurations. The simple equation

Pilot rating = 3.7 + 24.8 T,

has a correlation coefficient of .70. The multiplier of 24.8 on 1, shows that it would
take only 40 milliseconds of equivalent delay to degrade a configuration by one Cooper-
Harper point.
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The later data of Smith (Reference 6) were analyzed also. The equation was
Pilot rating = 2.5 +25.3 Tp

The correlation coefficient was 81%.
FREQUENCY RESPONSE FOR PITCH RATE TO PILOT INPUT
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These correlations show that the Calspan experiments oOf References 4 and 6 success-
fully defined the added specification dimension needed for augmentation systems. These
experiments are the basis of the equivalent systems work which eventually led to the formal
requirements of MIL-P-8785C.

In the V/STOL experiment of References 7 and 8, we varied both time delays and gain in
the command path. Pigure 5 illustrates that without time delay, a high gain produced an
excellent rating but even small delays led to pilot-induced oscillations. S8imilar results
(to be published by Calspan shortly) have been obtained in flight using the CTOL NT-33.

10 > I
; SECOND ORDER BANK ANGLE
L RESPONSE TO STICK .
X/ POSITION - { =0.7, w , = 2 RAD/SEC
|
[

PILOT RATING = - — < =Moderate gain

High gain
Steady state
"——'—([———— Sym  gain (radicm) -

0.079
0.118 4
0477
0.238
0.315
, 0394
0 0.1 02 0.3 04 [ X (X ]
Time Delay - sec

COOPERHARPER ° 7Y { — — = Low gain

Owpop N

ar3eNTE

FIGURE §
INTERACTION OF STEADY STATE GAIN AND TIME DELAY

The pilot rating degradation due to delays (as discussed in Reference 9) has not been
predicted consistently in ground-based simulation. Exaggerating the simulated command gain
is one possible way of forcing the pilot into the task and producing more reliable rating
degradations in ground-based simulators.

Equivalent delays are used to approximate the effects of many different flight control
components. These include stick prefilters, feel systems, actuators, and structural
filters. Perhaps surprisingly, digital systems need not be large contributors. Sample and
hold times, computational delays, aliasing prefilters and postfilters add to the “overhead"
of delay which must be accounted for. But these have often produced less equivalent delay
than analog components.

Equivalent System Mismatch Envelopes - Because equivalent low order systems approximate
high order systems, there is a need to define what differences are allowable in order to
evaluate the precision of match. Valuable exploratory data were gathered in a joint
USAP/USN/MCAIR simulation in 1978, using the Calspan variable stability NT-33
(References 10 and 11). We designed high order and low order equivalent systems with
mismatches of various magnitudes in various frequency ranges. We expected large mismatches
to be directly correlated with pilot rating differences. 1Instead, we could see little
correlation. High order systems had the same ratings as their low order equivalents, even
if the mismatch was large.

When we performed a later study for V/STOL aircraft, we took these data into account.
On that basis it seemed unlikely that our ratings would show the desired differences if we
simply minimized the frequency response difference between the high and low order systems.
So, this time we simulated local mismatches in various frequency ranges by adding higher
order terms to low order systems. By doing this progressively - for example, adding more
and more high frequency lag ~ we were able to note the point where pilot ratings became
significantly different on the two systems.

We summarized these fixed-base V/STOL simulation results (References 7 and 8) by
drawing an envelope around the frequency responses Of the added terms. The result
(Pigure 6) suggested a reason for the pilot's insensitivity to mismatch in the earlier
NT-33 study. Even though the mismatches were far larger than those usually generated by a
computer program, they were still within the envelopes and therefore remained largely
unnoticed.

Calspan, in the CTOL, in-flight simulation studies of Neal and Smith (Reference 4) and
Smith (Reference 6) also evaluated high order effects by adding them to low order systems.
Although in their experimental design they did not have mismatch in mind, we were able to
use their results to generate envelopea (Reference 12). The envelopes (Figure 7) appear in
the proposed flying qualities Military Standard, Reference 13. Again, the envelopes are
quite large. When we reanalyszed the NT-33 data of References 10 and 11, those mismatches
which were not noticed generally fell within the envelopes.
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The envelopes emphasize the importance of a good matoh in a central frequency region
(about 2 to 4 radians per second). We therefore modified our computer program so that the
match process can be weighted more heavily in the central region. In practice, the
weighting changed the equivalent system parameters very little.

10

180
)
& °
[ ] \
-9
-180 | L 11 L [
0.t 1 10
FREQUENCY - RAD/SEC
PRI
FIGURE ¢
ENVELOPES OF MAXIMUM AUGMENTATION
ADDED WITHOUT AFFECTING RATING
0 T T 10
— Original envelopes
= = == Transfer function matches \
_”
10 ]
\ N\
cAN PHASE
) / --\« e / -\
v \ e \
N
Py [N N W 1 Y O O O A N T el —L— L 101 1 L1l b 1l
0.1 1 10 100 0.1 1 10 1%
FREQUENCY - RAD/SEC FREQUENCY - RAD/SEC
[ ]
FIGURE 7

CTOL ENVELOPES AND TRANSFER FUNCTION MATCHES

In the experiments mentioned so far, the high order terms were added to the low order
systems one at a tims. However, it is recognized that an equivalent may have more than one
distinct region of mismatch. We would hope that any such system, even if the mismatches
fell within the envelopes, would be questioned by the procuring activity.

The Mismatch Problem

It is frequently said that a fundamental drawback of equivalent systems is the need to
define an acceptable level of mismatch.

Other criteria have emerged, however, such as the Neal-Smith and bandwidth method,
which simply use the response of a system, regardless of its order, and 4o not involve a
matching process. Therefore it is frequently said that the question of mismatch does not
arise, which is a fundamental advantage.
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However this statement turns out tO be quite untrue. This can be seen by viewing any
specification method heuristically as a mapping process, as follows.

Specification space is the image space, and the simulation space is the inverse image
space. Fcr every system in the image space, there is an infinitely large inverse image set
in the inverse image space. “Mismatch” is the difference between any member of the inverse
image set and a “minimum order system” which maps one-to~one onto the image space.

As an example, a specific equivalent system, with given specification parameters,
could result from a number of different higher order systems. Mismatch defines the differ-
ence between any of these higher order systems and the equivalent system. For example,
sum-of-squares frequency response mismatch (a scalar with a value of about 10 or less for a
visually acceptable match) has been defined in Reference 5. The minimum order system for
the equivalent system method is the equivalent system itself.

The challenge is to find minimum order systems which, conceptually, span the specifi-
cation space of other specification methods.

Neal-Smith Method - As shown in Figures 8 and 9 the Neal-Smith method (Reference 4)
uses pilot lead or lag compensation as a measure of system, and closed-loop resonance as a
measure of vulnerability to pilot-induced oscillation. A pilot model is used which
maintains a fixed pilot-in-the-loop bandwidth.
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Figure 10 compares pilot lead with equivalent short period frequency. The two
parameters are closely related, as would be hoped.
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PILOT COMPENSATION vs EQUIVALENT SHORT PERIOD FREQUENCY

More complex, but equally valid, correlations were found between Neal-Smith and other
equivalent system parameters: in particular, equivalent delay. Apparently the Neal-Smith
and equivalent systems methods complement each other while producing essentially similar
information (Reference 14).

Pinding a minimum order system for the Neal-Smith method is not simple. We examined
various transfer functions and allowed a time delay as part of the form. Preliminary
results suggest that different order systems are required for different regions of the
Neal-Smith specification space. However, a large region of the space is mapped by

Ke S

il )

8
and this is sufficient to demonstrzte an example of mismatch for the Neal-Smith method.

Pigure 11 shows three high order configurations with eassentially the same parameters
in the Neal-Smith specification space. Two are high order systems, and one is the minimum
order system.

According to the Neal-Smith specification parameters, the mismatches shown in
rigure 11 (1108 for configuration 2-2, and 1116 for 5-4) should be insignificant to the
pilot. Equivalent systems separately determined for the two high order configurations in
Reference 15 obtained mismatches of 24 and 2 respectively. Because of their higher
dimensionality, equivalent syetems produced less miamatch than the Neal-Smith method. The
Meal-Smith method probably produced similar specification parameters for these three
different systems because they are dynamically similar in the 2 to 3 radians/second region.

A -



http://www.abbottaerospace.com/technical-library

E s T RN,

14

wgw =3 RAD/SEC X
OROOP = 3 68 -g
PILOT DELAY = 0.3 SEC e

— 00
© 1
°
2 A} ]
o ] 100
2-2 AND 84 MOS apc
GAIN _/_ 22HO8 v
20 -— - _—— -~ -
[} = °
——
PHASE
GAIN - —so THASE
- 2 0EG
54 HOS
2:2 AND 54 MINIMUM
ORDER SYSTEM (MOS)
-840 [} !!-0.1“ - 100
Fg = 80.28+1)
—e0 r_ Na RS
\
\
- 80 1 i i P | S i I i - 300
0.1 1 10
FREQUENCY - RAD/SEC
[ %]

FIGURE 11
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The Bandwidth Method - Figure 12 defines bandwidth as proposed for the flying
qualities Mil{tary Standard and Handbook. It reverses the Neal-Smith philosophy by
defining the bandwidth for gain-alone pilot compensation. It is used with phase delay,
defined in Pigure 4, to specify flying qualities (Figure 13). Figure 14 shows the high
correlation of bandwidth frequency with equivalent system frequency.

For the bandwidth method, the minimum order system is:

K e-'rs

P ST

Pigure 15 shows two different high order systems and their minimum order system. Again,
these all have the same specification parameters according to the bandwidth method. The
phase responses are very similar in the 45° phase margin region (about 2 to 3 radians/
second). The miematches are 519 and 84 for configurations 2-3 and 4~11 respectively.
According to Reference 15 equivalent system mismatches were far lower -36 and 0.3. Again,
the higher-dimensioned method produces the lowest mismatch.
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conclusions - Low order equivalent systems appear to be suitable for spocifying the flying
qualItIol of high order augwmented systems, as proposed in Reference 16. Even though
augmentation systems increase the dimensions of the specification space, an equivalent time
delay term can be used to approximate these effects.

However, other methods also can be used to produce similar information, though their
underlying assumptions may appear different.

Any method for specifying high order systems involves a reduction in dimension. This
means that some high order effects are ignored. These effects are quantified as “"mismatch”
in determining equivalent systems. Mismatches can also be quantified for the other
methods, such as the Neal-Smith and bandwidth method, using concepts of mapping and a
‘minimum order system'., Therefore, mismatch should not be viewed as peculiar to the equiva-
lent aystem method.

Predictably, the more a specification method reduces the dimension, (i.e., the lower
the order of its minimum order system) the larger the mismatch can be. Thus the two-dimen-
sional Neal-Smith and bandwidth methods typically produce more mismatch (i.e., ignore more
hg.gh order effects) than the four-dimensional equivalent system method.

All methods for high order systems are in a real sense equivalent system methods.
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SUMMARY

In the period broadly under review, the 1970's, several aircraft have been brought into service
which utilise full authority fly-by-wire (FBW) control systems, firstly with analogue techniques and more
recently with digital computing. While many benefits have been obtained, it is true to say that such
systems have not always reached their full potential to provide handling qualities superior to much
simpler aircraft of the past. In particular, sluggish response and pilot induced oscillations (PIO) in
both pitch and roll axes typify the experience with a high proportion of FBW aircraft.

To avoid such problems it is necessary to maintain a clear understanding of the basic response
characteristics of "low order" aircraft, that is asircraft with insignificant control system dynamics. The
relationships between these are discussed and satisfactory ranges derived from in-flight experiments are
presented. It is shown how "high order" aircraft responses can be directly and simply related to "low order"
requiresents as expressed in MIL-F-8785. Several criteria are presented which permit adjustment of handling
qualities for some specific tasks, including one assuring satisfactory control at touchdown.

While this paper is almost exclusively confined to the pitch axis, similar methods can be applied to
the roll axis. These methods are in routine use at British Aerospace and are proving highly effective in
providing excellent handling qualities.

t. INTRODUCTION

The most significant change affecting handling qualities in the Seventies has been the widespread
adoption of FBW control systems with full control authority, replacing the small authority stability
augmentation systems which were mainly effective in small perturbation manoceuvres. FBW has given the flight
control system (FCS) designer the power to modify handling to an extent never before possible, more
especially with newer digital FCS where complex gain scheduling and filtering, cross-feed paths, multiple
feedbacks etc. become feasible. It should have been possible to ensure outstandingly good handling on all
these aircraft, but sometimes experience has failed to match expectation.

In contrast, there have always been examples of low order aircraft through aeronautical history
rated as "pilots' aircraft” because of their excellent handling qualities. As performance increased 3o
that powered controls became necessary, problems including PIO's arose caused by valve forces, actuator
lags, spring-and-bobweight pitch feel, and so on. Solutions to all these problems were found during the
1950's. Especially noteworthy were the ¢fforts by STI and others to determine pilot-aircraft closed loop
behaviour and PIO causes by pilot modelling. By the early 60's this work was essentially complete in that
the knowledge avajiladble then is atill largely sufficient to avoid most of today's handling problems.

It remained true that "pilots' aircraft" were those departing least from traditional low order
characteristics. A classic example is the Lighting, still in service with high performance even by today's
standards, whose prototype flew in 1954, which explored its complete flight envelope initially and safely
without stability augmentation, including very high speeds "on the deck" despite being designed as a high
altitude supersonic interceptor. Close attention to the quality of its control circuits, actuator
performance, use of hydraulic pitch Q-feel and a simple 3-axis damper system were combined with its
aerodynamic qualities into an aircraft always greatly liked by its pilots for its handling qualities.

With today's FCS technology it has proved easy to eliminate the uncommanded nuisance responses of
past aircraft, for example the pitch trim changes with flaps, reheat, airbrakes and transonic effects,
dutch roll and sideslip excitation in coarse manoeuvres, and so on. It is impressive to a pilot to be able
to open the throttle at low speed and simply await the arrival of maximum speed without touching the stick -
but it is not essential to his mission task. It is essential that when he does touch the stick the response
is predictable in attitude and flight path, and it is here that it has proved equally easy to introduce
undesirable characteristics. Invariadly these turn out to be unlike traditional ones, and the queation to
be answered is "What are the desirable traditional characteristics?".

MIL-F-8785B specified such characteristics and provided a large body of back-up information and
guidance. It was the intention of 8785C and will be the intention of the new revision to require aircraft
with any FCS to have essentially the same handling qualities. While the spirit of such a complex
specification can sometimes be beaten by an absolutely strict adherence to the letter, such an intention is
unquestionably the right one in general terma. Because it is mostly defined by low order parameters, for
example the pitch short period frequency and damping, difficulties have often arisen in its application to
a high order FCS where such parameters are either not identifiable or are merely part of several which
dominate the response.

To resolve this difficulty, two approsches have been developed at Warton. The first is a time domain
one, in which pilot ratings and especially comment data from in-flight simulation have been correlated to the
five basic step response time history features seen by the pilot, which are normal acceleration, flight path
angle, pitch attitude, pitch rate and pitch acceleration. The broad outline of 8785 can be divided into
subsets of desirable ranges for comdbat manosuvring, precision tracking, flight refuelling and landing approach.

',. mAMMM
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The second approach is a frequency dosain one in which optimum frequency response boundaries are derived
for precision attitude tasks accounting for optimum pilot model characteristics. This was done using the
above in-flight comment data and the pilot-vehicle systems analysis methods of 20 years ago.

The result is a range of time response boundaries, frequency response boundaries, and parameter
limits which are applicable to aircraft with any order of FCS and which are direct and easy to apply.

2. FUNDAMENTAL TIME DOMAIN RESPONSES

A large part of any flight is conducted in an open loop precognitive manner. The pilot is able to
apply discrete, step-like inputs which more or less exactly produce the desired aircraft response. Some
closed loop tracking many also be required if continuous disturbances prevent the desired steaay flight
path from being achieved, either '"pursuit" where it is possible to distinguish the effects of his control
inputa from the external effects or "compensatory" when this is not possible. Tight closed loop operation
is of course necessary in target tracking, and sometimes in instrument flight if the aircraft is very
susceptible to turbulence upsets. While closed loop operation depends upon the frequency domsin response
characteristics, succesaful precognitive control requires the time domain response to lie within acceptable
limits. Failure to satisfy this may well result in additional closed loop control being forced upon the
pilot as he endeavours to compensate by overdriving or smoothing unsatisfactory time responses.

Fig. 1 shows the five basic pitch step time responses which collectively determine the predictability
and nature of the pilot's task. In particular, the attitude response has an important characteriastic
labelled either drop back or overshoot. These terms describe the behaviour as the control input is removed
when the attitude approaches the values required. If the attitude stops and returns to some previous value,
it is called drop back, while if it continues on to some increased value it is called overshoot. Theae
characteristics can of course be measured equally well at the time of the initial control input but they
are not of the same direct significance to the pilot because the response is moving in the desired
direction. Their magnitude is determined by the ratio of the areas in the pitch rate responae labelled A
and B.

Fig. 2 shows the relationships of normal acceleration, flight path angle and attitude in more detail.
The short period frequency and damping determine the time response of normal acceleration. Integration of
this gives the flight path angle time response. The attitude response leads flight path by the time
constant Tg2 in the attitude transfer function (Table 1) and is greater by the increment in angle of attack
required to produce the normal acceleration. These elementary relationships are fixed by the aerodynamics
of the aircraft and are independent of the FCS. They therefore provide a means of assessing the handling
qualities of any aircraft provided that satisfactory characteristic limits can be defined.

Extrapolation of flight path angle reaponse back to the time axis defines what is in effect an
equivalent flight path time delay, positive to the right of the initial time. This delay is independent
of input and response amplitude for a linear syatem. Similarly the attitude response yields a constant
time parameter equal to the attitude drop back divided by pitch rate, positive to the left. Attitude
overshoot results in a negative time parameter to the right of the initial time. In either case the sum of
the attitude and flight path time parameters equals Tg2. Examination of the two series of in-flight
aimulation by Calspan, Refs. 1 and 2, has resulted in indications of satisfactory task-related values for
these time parameters.

Before these are discussed it is necessary to consider how low order short period frequency and
damping requirements can be related to aircraft responses where they cannot be identified meaningfully, as
is often the case with a high order FCS. Fig. 3 shows in simplified boundary form the unit time response
of normal acceleration at the 8785 low and high damping limits. The low damping boundary includes only the
first overshoot, the subsequent decaying oscillation having little effect on the mean flight path angle.
When these boundaries are integrated into the unit flightpath angle responses it can be seen that for any
given frequancy, the flight path time delay can vary by a factor of nearly six depending on the damping
ratio.

The 8785 Level 1 boundaries for frequency have been redrawn to give instead the length of the time
response associated with the permitted frequency, Fig. 4. Here the slowest response is given by the low
frequency high damping limits and the fastest by the high frequency low damping limits. Any aircraft
response which 1ies within these boundaries satisfies the intent of the low order 8785 requirements and does
not need the equivalent of frequency and damping to be identified.

Some additional provisos should be noted. Any oscillations after the first overshoot must have an
amplitude ratio per half cycle of less than 0.3 to satisfy the minimua damping. The first overshoot should
not breach the upper right hand boundary which represents the low frequency low damping limit. The Control
Anticipation Parameter (CAP) implicit in 8785 frequency limits need to be explicitly stated, that is that
the initial pitch acceleration divided by steady g should lie between 0.28 and 3.6 rad/loczh;. Finally, a
response with pronounced "hang on", that is for example one which follows closely the left hand and upper
boundary limits (very unlike a second order response, but not impossible with a high order PCS) would
introduce a significant flight path drop back with a negative value of flight path delay. The effect of
this is indicated in Pig. 5. It is probably desirable to specify positive delay values to prevent this.

3. DESIRABLE TIME DOMAIN RESPONSE

8785 does not explicitly place bounda on either the time or frequency response of pitch attitude.
Given that most aircraft have had sufficiently sisilar response dynamics, then empirical frequency and
damping limits have tended to result in acceptable attitude dehavicur. The latter's importance in
determining response predictabdility. closed loop tracking performance, PIO tendencies and so on has been
recognised and investigated for over two decades. The advent of full authority FCS has made the absence of
attitude criteria unacceptable for several reasons:~

-~ Mditional high order response modes can result in poor or dangerocus attitude behaviour.

e g -
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- Attitude behaviour can be easily modified and so it is necessary to understand its acceptable limits.

- The historic link between between flight path and attitude, that is Te2, can be broken by the use of
additional direct 1ift control.

Calspan in-flight simulations of high order FCS pitch handling using their NT33 aircraft have provided
an invaluable source of information about acceptable attitude and flight path characteristics. In Ref. 1
the tasks of air combat manoeuvring, air to air tracking and flight refuelling and in Ref. 2 the approach
and landing tasks vere assessed for wide ranges of basic frequency and damping modified by stick
prefilters to simulate high order effects.

Step responses were calculated for all these configurations and their features compared with pilot
rating and comment data. Some quite clear results were obtained which can be summarised as follows:-

- Negative attitude drop back (1.e. overshoot) was associated with sluggish, unpredictable response
both in light path control and in tracking.

- Attitude drop back from O to about 0.25 seconds was excellent for fine tracking and was associated
with comments typified by "the nose follows the stick".

- Increasing attitude drop back led to abrupt response and bobbling, from "slight tendency® to
"continuous oscillations”, in tracking tasks. Sometimes this was called PIO but it did not cause
concern for safety.

- Attitude drop back had little effect within the range tested upon gross manoeuvring without target,
landing approach or flight refuelling, provided it was not negative.

- CAP up to 3.6 rad/aeczng was satisfactory for gross manoeuvring without a target, but was
unsatisfactory above 2 rad/seczlh for the landing approach, above 1 rad/aeczlg for fine tracking,
and below 0.28 rad/seczls for any task.

- The pitch rate overshoot ratio seema to qualify the drop back behaviour, with a value greater than
3.0 resulting in unacceptable drop back as small as 0.25 seconds. The trends are indicated in
Fig. 6.

- Small values of flight path time delay were associated with excellent flight refuelling control, but
were not essential for good gross manoeuvring and did not on their own ensure predictable behaviour.

- Overshoots in normal acceleration did not cause unpredictable behaviour unless associated with low
frequency, breaching the upper right hand time response boundary of Fig. 4.

The above factors point to a number of design criteria and trend indicators which have been put to use
in control law developments with excellent results. No attempt has been made to define the equivalent of
level 1, 2 or 3 limits and it may be that the most appropriate location would be in the 8785 Handbook, for
example as background guidance. However, one result stands out clearly as a candidate for a new
requirement. This is to specify that attitude drop back be zero or positive, as negative values were always
rated sluggish and unsatisfactory in these experiments. This leads also to the result that some pitch rate
overshoot is always necessary for optimum handling, with the function of minimising drop back for tracking
inputs or of rapid generation of the angle of attack increment required for crisp flight path response in
gross manceuvres, landing flare, etc. It has nco significance otherwise for the pilot unless it bocomes too
large.

It is possible to construct a low order boundary set connecting all three pitch response parameters,
an shown in Fig. 7. This is a modified version of a proposal in the revised 8785 Handbook now being
reviewed (Ref. 3), and fits the supporting data presented there equally well. From Fig. 2 it can be seen
that for zero attitude drop back the equivalent flight path time delay must be Te2 seconds. For any short
period frequency this delay is fixed by the damping ratio, as seen in Fig. 3. The bottom righthand boundary
of Fig. 7 is the resulting zero drop back limit. The bottom lefthand boundary is a PIO criterion based on
pilot-airframe closed loop attitude tracking taken from Ref. U4 and which is discussed later in the section
on frequency response characteristics. If valid it must represent a level 3 limit and therefore some margin
is required from it for level 1, though no PI0O data are available to fix the amount, and the bnundary drawn
here is based on the CAT.A data points from Ref. 3.

The short period frequency required to achieve zero attitude drop back is expressed in Fig. 8 as a
proportion of the minimum Level 1 Cat.A frequency permitted by 8785, for three damping ratios and several
altitudes over a typical range of wing 1ift slope and wing loading combinations. It can be seen that heavy
damping permits the widest achievement of this characteristic and that this is increasingly difficult as
altitude and wing loading are increased and l1ift slope decreased.

The conclusicn to be drawn is that for low order aircraft with elementary pitch damper augmentation,
a low manoeuvre margin should be aimed for, with its inherently high natural damping, if precision pitch
handling is required. This is completely consistent with the excellent Lightning low altitude high speed
(LAHS) pitch handling characteristics where in fact a frequency lower than the 8785 minimum is satisfactory,
together with only 2.0 1b/g stick forces. The much larger TSR2 prototype also had a low manoevure margin
with good damping in the LAHS region and was taken on only its 20th flight to 550 knots at 250 feet over
hilly terrain without any stability augmentation. It was rated as having control and response well matched
to this task.

Apart from its use as an indicator of desirable manoeuvre margin trends for one specific task
requirement the Fig. 8 criterion need not be followed very strictly. If the 8785 minimum frequency is
adhered to and this is twice the "optimum" value, for example, then the flight path time delay would be
half the value of T82. As the latter would be quite typically about 0.5 seconds in LAHS conditions the
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resulting attitude drop back would only be about 0.25 seconds, which as shown above can be satisfactory
for precision handling. For a high order FCS the application of Fig. 8 is somewhat indirect, indicating
rather the "optimum" normal acceleration time response via Fig. 3 or 4. For such an aircraft the more
direct approach of specific shaping of the attitude response would of course be adopted instead.

From the combination of the facts that the 8785 frequency is proportional to speed (Table 1) and the
flight path time delay is inversely proportional to frequency (given cohstant manoceuvre margin and damping),
and hence that this time delay is inversely proportional to speed, it will be observed that the path
distance represented by the delay is constant. In effect this reveals that the flight path respanse
bandwidth could be considered to be constant and independent of apeed, which may be of relevance to close-in
air-to-air combat. If this is the case then this result is compatible with the concept of a fixed attitude
frequency response bandwidth independent of speed also, a subject discussed here and also in Ref. 3.

4. ATTITUDE FREQUENCY DOMAIN RESPONSE (UP-AND-AWAY FLIGHT)

In the late 1950's and early 1960's the systems analysis approach to the pilot-vehicle closed loop
control in tracking tasks was widely investigated and reported. Ref. 4 was based on such methods and
contains many references to the literature. The more recent "Neal and Smith criterion" is based upon this
method also. The pilot is assumed to act as a linear servo element with gain, time delay, and phase lead
and phase lag equalisation to prod .ce satisfactory tracking performance. "JTracking" of course covers a wide
range of tasks, from controlling .ircraft attitude in turbulence to actual tracking of a target. In mosat
cases the pilot is assumed to respcad to the atimulus of the error between the desired attitude and the
actual one, an error assumed to be random in appearance in which the pilot is unable to distinguish the
effects of his control inputs from external effects. This is the pure compensatory tracking situation and
represents the other extreme of the pilot task from the precognitive time response sjituation.

Muich work was done in attempting to predict pilot opinion from such analyses, though this does not
seem to have been followed in more recent years with the exception of the Neal and Smith criterion. With
the advent of the computing power potential of digital FBW it is now much more useful to the FCS designer
to attempt to shape the aircraft frequency response into a form known to be attractive to the pilot, with
which he can perform both well and easily and hence will result in a good opinion rating. The pilot model
which achieves this aim is well known to be the simple gain and time delay, the latter always being present
in random error tracking. It is possible to define an envelope of aircraft attitude response which is very
"robust”, in the sense that the pilot can achieve good closed loop control witha wide range of gain and delay
only. In this approach it is unnecessary to define a pilot-vehicle bandwidth since he has a wide choice
according to the needs of the task.

The classical aircraft dynamics wiich have always been shown to achieve the best ratings in simple
tracking experiments are a pure gain pitch rate response and the resviting attitude response of K/S. Real
aircraft have inertia, control power limits, and pilots who dislike excessive pitch acceleration, and can
only be represented by this model at low frequencies. Theae attitude responses are indicated in Fig. 9
using the Nichols' chart form on which open loopand closed loop responses are related. Because of this
facility these charts are often more useful to the FCS control law designer than the more usual Bode plots,
even where no pilot model is being added to the aircraft response. In Fig. 9 a pilot gain and aelay model
is added to a pure low order attitude response to show good closed loop performance with negligible droop
or resonance. The gain is chosen to give the pilot-vehicle open loop crossover frequency of 0.3 Hz and a
small delay typical of simulation results is selected. A K/S response is included for comparison with the
aircraft response with the same crossover frequency.

This basic pilot model assumption underlies the aircraft response boundary limits used as a design
criterion. The crossover frequency typifies the upper end of the 1 to 2 rad/sec. range and the 0.2 second
time delay typifies the pilot delay noted generally in the literature in simulation experiments. Ref. 5
measured the difference between flight and simulation and showed that, while the lead or lag equalisation
did not change, the pilot gain was lower and the time delay was larger in flight.

Choice of these values therefore represents an upper limit on pilot performance in the definition of
aircraft response boundaries. The choice of frequency in Hz rather than radian/second is deliberate since
the pilot sees frequency behaviour in terms of its period or cycles per second, and this serves to present
a more obvious view of the effect of such boundaries.

Fig. 10 shows optimum aircraft pitch attitude response boundaries for precision control tasks, in
which the crossover frequency of 0.3 Hz is inherently assumed. To apply this criterion the alrcraft
attitude response to the stick input is plotted so that its open loop amplitude at 0.3 Hz is OdB. The phase
difference between this and the 0dB closed loop line represents the allowable pilot phase lag for optimum
tracking. If this criterion is satisfied, all the pilot phase lag can be attributed to his time delay and
no further equalisation is required from him. If the pilot chooses a lower crossover frequency the
allowable lag increases, and he can adcpt a larger time delay without departing from a good closed loop
performance.

These boundaries do not represent overall Level ! limits. Depending on the task, responses outside
them can be very satisfactory. General characteristics associated with areas outside the boundaries are
indicated, and were derived from correlation with comment data from Ref. 1 and up-and-away flight
configurations. While the boundaries represent the small number of Ref. 1 cases which were optimum for all
tasks, some cases attained level 1 ratings for flight refuelling despite bobble severe enough to degrade pitch
tracking to Level 2, and the best flight refuelling case ("really excellent™) lay within the boundary confines
but was still a poor Level 2 for tracking because of a subtle blend of large attenuation at higher frequencies
and unbalanced initial-to-final time response. This case had excellent flight path control with small delay,
provided that aggressive attitude control was not attempted. More generally, excessive attenuation at all
frequencies i{s associated with sluggish unpredictable flight path control also.

S e e ac i
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5. PILOT INDUCED OSCILLATIONS

PIO tendencies were noted in Ref. 1 for several cases which were related to iow damping or resonance
of the pilot-aircraft closed loop combination. Apparently these could readily be stopped by abandoning
the task or reducing the pilot gain, and flight safety did not seem to be threatened by sustained "locked-in"
oscillations. This result is probably general provided that the response remains linear and predictable
although unsatisfactory or even unacceptable for performance achievement. Ref. 4 discusses the probable
causes of a number of PIO events and concludes that for aircraft with pure low order characteristics, PIO
is impossible. Where the gain margin suddenly reduces by a significant amount, however, a sustained PIO may
result due to the pilot's inability to reduce gain quickly enough. This has been caused in the past by
spring-bobweight pitch feel systems, for example, but a more likely cause with FBW would by actuator
saturation effects, more easily provoked than before because of high forward path gains. Dramatic changes
in gain and frequency can resuit from increasirg amplitude inputs which outstrip the pilot's ability to
adapt. It has to be accepted by weight-conscious systems managers than an aircraft designed for "Active
Control Technology" really does require active controls!

Ref. 4 proposed a PIO criterion, given in Fig. 7, which was applicable to low order aircraft. It
results from the condition for the open loop frequency and damping at which pilot-ajrcraft closed loop
damping tends to zero, when the pilot is responding without phase lag to a sustained attitude oscillation
at the frequency where the aircraft phase lag is 180 degrees. While such a conditiun requires very
unconventional aerodynamics in principle, it is certainly possible to achieve it with variable stability
aircraft and simulators. In such cases it is invariably seen to result in poor opinion ratings and
examples of this are given in Ref. 3, Ref. 4, Ref. 6 and Ref. 7, though they are not always identified as
such.

The concept of the "synchronous pilot" who can eliminate phase lag from his inputs in a sustained PIO
because of the predictable response is a very powerful tool in designing to avoid PIO. Such behaviour can
be seen in almost any overcontrol situation involving attitude control, which comprise the great majority
of PIO's. It may not always be absolutely exact but it is close enough to permit consideration of only the
attitude response at 180 degrees phase lag without attempting to predict how the pilot will actually get
into a PI0. If the oscillation is sustained for any length of time the pilot can sometimes be seen to
advance his phase by as much as 90 degrees, but at the beginning he will drop immediately into the
synchronous mode.

No hard and fast PIO avoidance criteria can be given with assurance for up-and-away flight but if the
attitude response remains reasonably linear wiih amplitude, follows the criterion boundaries in Fig. 10
reasonably closely, and crosses 180 degrees phase lag at a high frequency beyond the range of significant
pilot activity (say above 1.5 Hz), then PIO in up-and-away flight is remote. It ls also certain to be
avoided regardless of handling ratings if at the 180 degrees phase lag frequency the application of stop-to-
stop stick inputs results in small attitude response, say ¥ 2 or 3 degrees. Exactly similar considerations
apply to bank attitude PIO, and the same rules should be applied here also.

While these criteria are intended to permit design of control laws without pilot models, not all
projects will offer the flexibility of a FBW system, and it is always of value to acquire some appreciation
of the pilots' capabilities and limitations. Ref. 7 discusses thsse as derived from a fixed base simulation
and covers a very wide range of characteristics such as linearity, non-linear remnant, output frequency range,
the puur correlation of pilot opinion and tracking performance, the good correlation of tracking performance
with output linearity, and so on. Fig. 11 illustrates the pilot's ability to equalise four widely different
attitude responses from Ref. 7. In three of them his output is largely linear and he is able to reproduce
surprisingly well the K/S aircraft response in the 0.1 to 0.2 Hz frequency range where his output is most
significant. 1In the fourth case he i{s quite unable to achieve this and the linear model represents only 50%
of his output while the other 50% is non-linear and results in a rather frantic switching technique. The
boundary found in these experiments between linear and significantly non-linear behaviour, which always
results in poor opinion can be shown to lie along the line of 2%wn = 1/T62, the Ref. 4 PIO criterion.

It is therefore possible to construct a set of worst case never-exceed low-order boundaries for
different damping levels at any value of 1/T62, in Bode form to separate them clearly. Fig. 12 shows these
for 1/T92 of one radian per second. For any other value the boundary shapes remain identical but the
frequency points are multipled by 1/T62. Note in all cases the low frequencies at which the normal maximum
phase lag value of 180 degrees is reached, and indeed exceeded despite the absence of control system dynamics
in Case 4 of Fig.11 which lies beyond these boundaries. It is of interest to note that such combinations of
low frequency and low damping can be shown to satisfy 8785 requirements, for example CAT.B, with perfectly
reasonable values of wing loading and lift-slope. As discussed earlier, however, it would require unusual
aerodynamics because low frequency is associated normally with low manoeuvre margin and high damping.
Application of these boundaries to a high order system, which could very well display large phase lags at
low frequencies if incorrectly designed, has to be qualitative in nature. This ia because the low order
steep attenuation near 180 degrees lag is usually replaced in such cases by a rapid traverse in phase lag
across 180 degrees finishing up eventually with much higher lags, probably resulting in worse PIO
tendencies.

The part played by normal acceleration in PIO's can be no more than qualitative in the sense of
increasing the pillot's concern about the structural safety of his aircraft. Ref. 8 clearly demonstrates
the inadequacy of the human linear acceleration sensor, the otolith, to provide accurate feedback. Humans
are indeed able to sense acceleration as small as 0.01g, but the latency time before a steady g of this
level is detected is about five seconds. The dynamic response has large attenuation and phase lag at
frequencies beyond 0.25 Hz, and its actual gain seems somewhat indeterminate.

While it iy certainly difficult to provoke PIO in fixed base simulators it is by no means impossible,
and the resulting pilot behaviour is indistinguishable from typical flight recorda. The "synchronous pilot"
response to attitude is very easy to demonatrate also. The fact that fixed base simulation ia an unreliable
guide to PIO seems certainly due to absence of attitude acceleration cues from the semicircular canals,
probably poor visual display dynamics in the past, and in particular poor cues representing close approach
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to the ground in landings. Lateral PIO's in bank attitude have the same observed synchronous pilot
behaviour as pitch PIO's and obviously can have no input from a linear acceleration. It has always proved
sufficient to treat the "rapid PIO" as a single loop attitude response.

6. THE LANDING APPROACH

This task deserves separate treatment because it can never be avoided and has sometimes revealed marked
tendencies to PIO below 50 foot altitude even where this is not detectable in circuit flying or in
simulations. It is certainly a multi-loop task in attitude, flight path and speed, and poor achieved
performance is penalised by a bad and possibly damaging landing. The drag and thrust characteristics which
determine whether the aircraft is a "floater™ or a "sinker" at touchdown are not discussed here and have not
usually been the direct concern of the FCS designer, although this will change with the introduction of
integrated engine and flight control management for special configurations. In the following paragraphs
it will be shown that satisfactory pitch attitude and flight path response characteristics can be defined
for low or high order FCS systems without difficulty.

Ref. 9 proposed a mechanisa for the initiation of landing PIO which has been successfully extended to
include all the cases for Ref. 2. The PIO starts when the pilot begins to perceive the attitude oscillation
in the stick pumping activity in the flare manceuvre. The latter, noted firat in Ref. 10 seems to be a
subconscious teating of the pitch control by pumping at a frequency where pitch acceleration is nearly in
phase with the stick, and at an amplitude of about 6 deg/eecz. In consequence the attitude oscillation is
180 degrees out of phase with the stick, so that the pilot is already "set up" for a PIO if he detects it
consciously.

In the true low-order aircraft there is substantial attitude response attenuation before the pumping
frequen~y is reached, itself considerably higher than the bandwidth used by the pilot, and the phase lag
only gradually approaches or exceeds 180 degrees so that the frequency choice is not critical. The high
order FCS can transform this so that the frequency is low, giving a large attitude response at the constant
acceleration level, and the phase lag may rapidly pass through and far beyond 180 degrees. These factors
are sufficient to switch on the latent "synchronous pilot" into a PIO.

Fig. 13 shows an open loop criterion which incorporates all the relevant Ref. 2 casea. Neither the
attenuation (effectively a gain margin of a sort) nor the amplitude alone are a sufficiently accurate metric
but combined as shown they form a clear indication of potential PIO, Although the rating is generally
predicted only to an accuracy of 3, all serious PIO cases with an 8 to 10 rating are unambiguously identified
with large criterion values and all very highly rated cases with small values. However, a further factor 1is
that no PIO can occur if the response amplitude at 180 degree phase lag is 830 low that even stop-to-stop
stick inputs generate only a small oscillation e.g. 2 or 3 degrees attitude, as noted earlier.

Although a great deal can be inferred about touchdown behaviour from a very small slice of the
attitude frequency response, overall open loop boundaries are necessary to complete the design process. Those
in Fig. 14 were derived from the Ref. 2 cases. They effectively divide the response regions into two at a
bandwidth limit set by the frequency at which phase lag is 120 degrees. Above this frequency the PIO
tendency at touchdown is determined as in Fig. 13, and reponses satisfying the boundaries automatically
achieve low PIO criterion values. Below the bandwidth frequency the responses useful for flight path cantrol
are defined. The satisfactory range of bandwidth limit frequencies lies between about 0.25 and 0.5 Hz.

Briefly discussed in Section 3 above, the Ref. 2 cases provide data on satisfactory landing approach
time responses. Large values of attitude drop back, at least up to 1.0 second, which would be wholly
unacceptable for precision tracking, seem to be acceptable with some constraint on initial acceleration and
piteh rate overshoot ratio. This is probably because attitude is not controlled agressively in the landing.
The flight path time delay should not exceed 2.0 seconds for satisfactory approach control and should
certainly be less for optimum touchdown control.

It will be observed from the above results that satisfactory approach handling can be achieved with
values of T62 as large as 3.0 seconds. For quite typical wing loading and lift slope this could be associated
with normal acceleration per radian of 2.0 for example, well below the 8785 minimum. For equally typical
flare responses of 1.0 deg/second pitch rate or 0.1g, such a configuration needs only an increase of 3.0
degrees angle of attack to achieve this. Stall margins do not impose a 1imit so long as conventional speed
margins apply. Such considerations strongly support the results in Ref. 11 which conluded alao that
minimum approach speed should be set by T62.

It may also be observed that at the 8785 Level 1 minimum frequency and maximum damping the flight path
time delay is 3.0 seconds and the time response takes more than 10.0 seconds to settle after an input, which
are certainly not satisfactory values. For a damping of 0.7 however, these values reduce to a satisfactory
1.9 and 4.0 seconds.

In all cases where such landing approach criteria have been teated they have successfully described
the aircraft behaviour, commencing in 1972 with use of the stick pumping criterion (Ref. 10) to predict prior
to first flight the final approach control activity at engine idle conditions, through the initial criterion
development described in Ref. 9, followed by expansion into the present forms described here using the Ref. 2
data with recent application to published characteristics and comment ratings of the Fi4, YF12, Space Shuttle
and B1. It is especially interesting to note that aircraft as large as the latter two are described as
sluggish or satisfactory by exactly the same criteria as small Class 4 aircraft.

The final proof of validity has been demonatrated by the digital FBW Jaguar, with probably the firat FCS
designed with a specific process for avoiding landing PIO as well as providing excellent approach and landing
characteristics, in both the pitch and (by similar methods) the roll axes. The handling has turned out as
predicted, down to the precise stick pumping amplitude and frequency, and remains excellent in severe
crosswind and turbulence conditions. It is believed with confidence that application of these criteria to
other new designs will ensure similar handling despite the inability to detect PIO reliably on fixed base
simulators.
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7. DELAYS AND PHASE LAG

Time delays or transport delays essentially do not occur in analogue FCS, whether high order or not.
They occur in digital FCS, of course, but it is rather unlikely, when limited to values essential to attain
system stablity, especilally so for increasingly unstable airframes of the future, that they will have any
discernible effect on handling. As noted in the PIO di ion, di tinuities and nonlinearities due to
actuation rate and acceleration limits are potentially far more serious in a high gain FBW systes and require
careful treatment.

Phase lags are inseparable from analogue or digital control systems and excessive values have been the
root cause of most FBW handling problems. However, it is a mistake to believe that specification of in-flight
stick to control surface phase lag is either necessary or sufficient to prevent such problems, as two
examples will demonstrate. ’

- In a low speed landing configuration where a low short period natural frequency has been augmented
to a higher value, the airframe will of couse lag the control surface by large phase angles at
frequencies used in control inputs. It is therefore essential to ensure phase lead in the surface
activity to obtain acceptable airframe phase lags. Meetinga phase lag requirement only would
probably ensure PIO.

- A very high short period natural frequency (16.0 r/s) configuration was simulated in Ref. 1 Case 8,
which would of course have required surface phase lead in the NT33 airframe. The optimum version,
8D, had a stick lag prefilter with 0.3 ds time constant, which has about 60 degrees phase lag
at 1.0 Hz. If a "real” airframe had had such a high frequency it would have required the same lag
prefilter. In this case meeting a small phase lag requirement would ensure an excessively abrupt
pitch response and prevent precision control achievement.

While low actuation phase lags are necessary for FBW systems, which could legitimately require some
specification, control surface behaviour in flight is not uniquely definable except as the indirect result
of achieving satisfactory attitude or fiight path response.

The latter can be completely described and specified by the criteria presented in this paper without
reference to the control surfaces.

No definition has been seen so far vwhich adequately defines the difference between the low order and
high order FCS. It is suggested that what matters to the pilot ia not the transfer function order but the
apparent "order" of the response which he aees. This can be defined qualitatively by the maximum possible
phase lag of any of these responses, for example zero degrees for pitch acceleration, 90 degrees for pitch
rate, 180 degrees for pitch attitude, and 270 degrees for flightpath angle, for the pure low order aircraft.
Long experience has shown that the addition of moderate actuation phase lags need not alter the essential
low order characteristics so far as the pilot can observe them. It 1is alsc well established that good
handling qualities are confined to regions within this broad definition of low order responses.

Hence an overriding consideration for high order FCS design should be an attempt to contain phase lags
to values no greater than the above plus say an extra 30 degrees for all frequencies below 1.5 Hz or
preferably even 2.0 Hz.

8. CONTROLLER CHARACTERISTICS AND STICK FORCES

It is well known that rigid centre and sidesticks have been flown in a number of programses. More
satisfactory characteristics have also deen shown to result from introduction of some motion of sidesticks
and considerable research has been conducted in recent years on the Calspan NT33 to determine the required
force-displacement gradients.

Centre sticks will probadbly continue to be widely used for many years. The lack of clear guidance to
optimum force-displacement gradients probably reflects the ability of most pilots to perform most tasks
acceptably with a wide range of gradients. (See for example Ref. 12). The exceptionally demanding LAHS
environment was studied in a g-seat simulator experiment reported in Ref. 13, in which great care appears
to have been taken to validate resultsagainst flight and to involve an unusually large number of pilots.
This did produce clear guidance which has subsequently correlated well with a series of aircraft designed
for the LAHS role.

It is worth noting that the inadvertent pitch stick displacement caused by arm jostling in turbulence
was only weakly related to feel atiffness. Consequently the effective command disturbances tended to
increase as the feel stiffness increased, roughly in the proportion of stiffness ratio to the power of 0.75.
Pilot overall rating was found to correlate with feel stiffnesa rather than force or displacement per g,
but satisfactory values lay between 3 and 25 1b/in. (0.5 to 4.4 N/mm). However, the simulated terrain
following performance achieved minimumheight errors for moderate stiffneas around 7 to 12 1b/in (1.2 to 2.1
N/mm) with light stick force per g. Hence aircraft intended for LAHS operation should have a pitch feel
stiffness in this region, which will be satisfactory also for other tasks.

Ref. 9 discussed the 8785 stick force per g boundaries and noted that the minimum value should
increase at low speeds rather than remain constant aa permitted. This view can be further substantiated by
consideration of the following:-

- The Ref'. ' data showed the need for the same attitude bandwidth for flight refuelling as for combat
at higher speed, a quite well established value from a wide range of experiments. RNef. 14 obtained
satisfactory rating for a range of pilot gain per degrse of attitude error between 3 and 12 lb/degree
(13 to 53 N/degree), which agrees well with the 15 to 25 N/degree noted to be within satisfactory
limits in Ref. 9. A constant value of this gain implies an inverse function of speed for stick force
per g. At higher speeds wherea constant stick force per g is desirable for compatibility with
structural limits the consequential reduction in attitude response gain with increasing speed is
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probably also favourable for LAHS and it can be contained within satisfactory limits in any case.

- Analysis of the stick command gains selected by the Ref. 2 pilots shows poor correlation with stick
force per g. Chosen gains were 6 to 60 1b/g (27 to 270 N/g) with a general trend to low values for
low bandwidth configurations, but Level 1 cases lay between 14 and 38 1b/g (62 to 170 N/g).

In fact the Ref. 2 results indicate that pilots prefer stick force gains rslated to pitch attitude
response for landing approach. Fig. 15 shows the striking correlation of their chosen gains with attitude
response at the bandwidth frequency where the phase lag is 120 degrees. The higher response of the group
of low damping cases simply reflects pilots' ability to distinguish and tolerate the open loop response
resonance, usually near 1ts peak at this frequency, provided that the phase lag and attenuation at higher
frequencies resemble low order behaviour.

Ref. 7 proposed an attitude tracking sensitivity criterion which quite successfully matched the
ratings for the 40 simulated configurations. This added the proposed opinion rating penalties for sluggish
response at 1 rad/sec, e ive resp at 5 rad/sec, and excessive phase lag at 0.2 deg/lb response
amplitude. The latter represents the phase margin for the "pure gain pilot" at 5.0 l1b/deg. gain. The three
corner points beyond which rating decrements were indicated are shown in Fig. 16. This accurately
differentiates the characteristics of two FCS standards flown in the development phase of a recent combat
aircraft and a brief survey of some other cases suggeststhat it could be the basis of a very useful
criterion for high order FCS. It is proposed that a wide survey of available flight data should be made to
establish valid limits for general application. Note however that there appear to be national preferences
for stick force levels which may need to be allowed for. UK pilots for example generally seem to consider
8785 stick forces on the heavy side.

9. CONCLUDING REMARKS

The use of digital computing has permitted the FCS designer to modify the handling qualities of
aircraft to levels never before experienced. The first lesson to be learned from almost universal
experience is that significant departure from the classic low order aircraft dynamic response characteristics
will probably lead to poor handling qualities.

The second lesson is that the intensive study and analysis of handling qualities conducted in the
1950's and 1960's provides most of the information necessary to design the modern high order FCS control
laws. This paper has presented a variety of methods for interpreting the intrinsic pitch behaviour of
classic airframe response in ways not solely dependent upon a definition of low order parameters which may
no longer exist meaningfully. From a study of in-flight experimental data a range of satisfactory responses
related to flight phase has also been identified.

The importance of time response criteria is strongly emphasised, each individual facet having an
influence on rating which can often be adjusted to advantage. Some of these facets can be qualitatively
identified from frequency responses but the latter should never be adjusted without consideration of the
time repsonse changes.

The criteria described are coming into routine use and have already proved easy to use, presenting to

the engineer a clear view of the handling as seen by the pilot and thus enhancing the communication between
them.

The power of the combined application of time and frequency response criteria is such that a good
appreciation of the handling qualities of a configuration can be obtained almost on sight of the calculated
response. Often the required adjustment for final optimisation can be defined by a simple inspection
process.

The gains achieved in the 1970's have already been considerable. The foundations for the future
development of CTOL aircraft in unconventional directions have been firmly laid by the fresh insights into
handling qualities resulting from application of FBW to conventional aircraft.
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SUMMARY

A criterion is presented that allows an evaluation of the longitudinal maneuvering
characteristics of modern fighter aircraft. The required parameters are the 'gain margin'
and the 'phase margin' of the frequency response characteristic of pitch attitude to
control force. This criterion permits an evaluation of the dynamic characteristics as
well as the steady-state and assumes that the pilot is always looking for a compromise
between stability and response time. The criterion enables the estimation of PIO-tenden-
cies, gives a survey about the influence of different parameters like time delay, lead
time, natural frequency, damping ratio and the ratio of control force per normal load
factor, The design of an advanced flight control system as an example illustrates the
conformity of this criterion with MIL-F-8785,

1. INTRODUCTION

The classical requirements of the longitudinal flying qualities are given in MIL-F-
8785C (1). In the case of longitudinal maneuvering characteristics these specifications
evaluate the handling gualities on the basis of a low order system whereby airplanes
presenting a high order system must be reduced by application of a matching method. This
report represents a criterion for the evaluation of the longitudinal maneuvering charac-
teristics that is independent of the order of the system. This criterion integrates the
evaluation of the dynamic characteristics as well as the steady-state. It has been de-
veloped for airplanes of Class IV and for flight phases of Category A as defined in (1).
Fundamentally the criterion itself is applicable for other classes of airplanes and
other flight phases, but in this cases the limits must be changed and validated.

It is assumed here that for flight phases of Category A, like air-to-air combat or
close formation flying, the pilot closes the attitude control loop. Therefore this loop
has been selected for the development of the criterion.

For the evaluation of the maneuvering characteristics the frequency response character-
istic of the pitch attitude/control force transfer function is chosen. The pilot rating
applies to this part of the control loop which includes subsystems like control stick,
linkage, flight control system, sensor, actuator and the airframe itself. Together with
an assumed unity gain for the pilot, the open loop attitude control characteristic is
fully realized. Consideration of the open loop characteristic gives the possiblity of
applying control theory. The characteristic parameters for the design of a control loop
with the aid of the frequency response characteristic of the open loop are the ‘gain
margin’, the 'phase margin' and the 'crossover frequency'.

2. GENERAL REQUIREMENTS FOR THE DESIGN OF A CONTROL LOOP

Figure 1 shows the block diagram of the attitude control loop. In this loop the pilot
acts as a controller by applying forces on the control stick and observing the pitch atti-
tude.

This loop, closed via the pilot, can be considered as a general control loop. The
classical requirements of control theory are valid. They include the following aspects:

1. The control loop has to be stable

2. A certain steady state accuracy must be attained
3. A sufficient damping is necessary

4. An adequate time response 1s needed

The 1st requirement is a necessary condition and the 2nd is fullfiled by including an
integration term in the pitch attitude/control force transfer function. The remaining re-
quirements may be evaluated by considering the frequency response characteristic of the
open loop.

However, the characterization of this open control loop is very difficult because it
includes the pilot. The pilot of course is a very complicated system and cannot be exactly
described by a linear transfer function. Normally the pilot changes his gain, varies his
time constants and shows a nonlinear behaviour. Therefore only simple pilot models are
used, but their application may lead to an incorrect evaluation. For this reason here the
pilot model is excluded by setting the simulated pilot to unity. Thus making the ratio
pitch attitude/control force to be the open loop transfer function of the control loop.

Now the problem of control loop design is a conflict of the above 3rd and 4th require-
ment. If the damping is decreased the response time is less and vice versa. Therefore the
design of a control loop always has to be a compromise between quality of damping and re-
sponse time. Considering a pilot and a control engineer both should arrive at approximate-
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ly the same solution. A control engineer would use a deterministic approach applying
control system theory to design a controller. In case of the attitude control loop, the
pilot takes over the function of the controller. He adapts himself intuitively in such a
manner that an acceptable compromise between quality of damping and response time results.
Therefore, the pilot evaluates intuitively the same parameters as the control engineer.
This is the reason why we must look to the design parameters used in control theory.

3. GAIN AND PHASE MARGIN

According to control theory there are three parameters giving a good measure of quali-
ty of damping and response time. These are the 'crossover frequency', the 'gain margin®
and the 'phase margin' of the open loop. These parameters are illustrated in figure 2 and
defined as follows:

- Crossover frequency w, is the frequency at which the
gain curve crosses the OdB-line.

- Gain margin G is the difference of gain between
the 0OdB-line and the gain at the frequency with a
phase lag of 180°.

- Phase margin pp is the difference of phase between
the phase at the crossover frequency and a phase lag
of 180°.

The phase margin can be considered as an appropriate measure of closed loop damping,
if the gain attenuates near the crossover frequency. In order to evaluate this attenua-
tion the gain margin is needed as a further parameter. If the gain margin is low the gain
attenuation is small and vice versa. Therefore we can say: The magnitudes of gain- and
phase margin of the open loop express the quality of damping of the closed loop.

The crossover frequency we is a measure of the response time. The larger the value of
wc the shorter is the response time of the closed loop and vice versa. However, increa-
sing the crossover frequency in order to shorten the response time generally lowers the
gain- and phase margin and results in poor damping. Therefore the design of a control
loop is a compromise between crossover frequency, gain and phase margin.

Now the crossover frequency is a function of the steady-state gain of pitch rate/
control force which is proportional to normal load factor/control force. In practise the
pilot controls with a larger gain than the assumed unity gain and thus shifts the cross-
over frequency. In attemping to get a good closed loop characteristic the pilot has to
intuitively adjust his gain. If he selects a large gain in order to decrease the response
time he reduces the gain- and phase margin which represents the system damping. Reducing
the gain increases the response time, but improves the damping. By means of gain adjust-
ment the pilot is able to find a compromise between damping and response time. Thus pos-
sible shifting of the crossover frequency and therefore the resulting response time is a
function of the gain- and the phase margin.

Due to this we can say that the two parameters, gain and phase margin of the open loop
frequency response characteristic, pitch attitude/control force, may be a good measure of
both damping and response time.

4. DEVELOPMENT OF THE LIMITS

For development and validation of a criterion, based on gain and phase margin, the
frequency response characteristics and the pilot_comments from Neal and Smith (2) were
used. The dimension of the gain curve is [deq/lb]. This investigation shows that envelopes
; of gain- and phase margin can be assigned to levels of handling qualities. Figure 3 pre-

1 : sents these results in a gain/phase margin diagram,

Handling qualities of Level 1 assume a phase margin about 95 degrees and a gain margin
above 20.5 dB. An increasing or decreasing of the phase margin needs a higher value of
the gain margin to maintain Level 1, When decreasing either or both margins, the handling
qualities degrade below Level 2 to Level 3. However, the most direct way to degrade hand-
ling qualities is to decrease both margins simultaneously.

In case of a phase margin less than 100° the boundaries between Level 1 and Level 2
and also between Level 2 and Level 3 indicate that a decreasing of the phase margin must
be followed by an increasing of the gain margin to maintain the handling quality level.
The reason is that lower values of phase margin correspond to a larger phase lag of the
system. This means the system itself responds slowly and the pilot may shorten the re-
sponse time by using a larger gain. This requires a sufficient gain margin.

§ An increase in phase margin corresponds to a shortening of response time. In this case

; the pilot 1s satisfied with a lower gain margin hecause he only has to control with a

4 lower pilot gain to reach a desirable response ime. For phase margins larger than 100°

2 and hardling qualities of Level 1, an increasing of phase margin requires a higher value
of gain margin. In this case the system quickly responds and the pilot prefers a high

4 : damping for good handling qualities.
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Up to now an upper limit of the Level 1 area cannot be proven until more flight test-
ing is done in this area. It is assumed that a limit exists in the vicinity of a gain
margin of 35 aB.

The maximum amount of the gain curve deviation from the 20 dB/decade line
(| |max, figure 2) proves to be a further parameter influencing the handling qualities.
For Level 1 it must be less than 10 @B and for Level 2 less than 20 dB.

Figure 4 shows typical pilot comments for the different areas in the gain/phase margin
diagram. If we keep a constant gain margin it has been found that with an increasing of
phase margin, the comments change from 'slow' to 'good' to 'too fast' initial response.

If we keep a constant phase margin a decreasing of gain margin results in comments vary-
ing from ‘'steady on target' (Level 1) to 'tendency to oscillation' (Level 2) to ‘'PIO-
tendency (Level 3). Obviously the value of the gain margin, depending on the phase margin,
is a measure of PIO-tendency.

5. COMPARISON WITH MIL-F-8785

The so called gain/phase margin criterion is able to evaluate low and high order
systems., For low order systems the evaluation should yield the same as given in the MIL-
specifications. Therefore the criterion has been further proven by evaluating low order
systems. The selected transfer function is presented by the following equation:

3] K 1 1 + Tgs

Fg ~ s ' T#Ts ~ T+ 2g/ugs + 1/up? s°

(1)

Hereby gain K is the steady-state ratio of pitch rate/control force which is propor-
tional to the ratio normal load factor/control force {(equation (2)).

= | R (2)
Fs Vras
Steady-State

2

‘ [ ]
Fg
Steady-State

The limits of the ratio control force/normal load factor (Fg/n) are defined in Para.
3.2.2.2.1 of MIL-F-8785 (1). For further calculation it has been assumed that Fg/n has a
value of 5 1lb/g. With a selected true airspeed Vras of 800 ft/sec a value of K = 0.46
deg/sec 1b results. The term 1/(1+Ts) of Eq. (1) represents the control system. For the
lag time constant T a value of 0.05 sec has been selected. According to Para. 3.5.3 of
MIL-F-8785 B this value causes the allowed pnase lag of 30° at w = 11.5 rad/sec and
therefore fullfils the requirements of Level 1 up to this frequency. The lead time con-
stant To has been varied from 0 to 2 sec. The damping ratio f and :-he natural frequency
wn have been varied within the limits of the MIL-specification.

Figure 5 presents the result of a lead time variation. Fg/n and wpn has been kept con-
stant within optimum of Level 1t (n/a = 20 g/rad). With a damping ratio of ¢ = 0.3, which
is near the lowest allowed limit, even high value of the lead time constant do not bring
the system to Level 1. An increasing of the damping ratio to an acceptable value of
{ = 0.67 results in Level 1 in the range of lead time constants from 0.2 sec to 0.8 sec.
A further increasing of the damping ratio (£ = 1.5) produces a slower system and there-
fore higher values of the lead time constant are necessary for Level 1
(~0.4 sec<Tg<=~1.5 sec). The optimal area of Level 1 is reached with optimal values of
damping ratio, natural frequency and proper values of normal load factor/control force
and lead time constant. The gain/phase margin criterion is in agreement with the MIL-
specifications.

Figure 6 indicates the effect of variation of the natural frequency. Fg/n and { are
in an optimum range of the MIL-specifications. Without any lead only high values of
wn {wp >10 rad/sec) produce Level 1 handling qualities, and then only within a limited
area. However, with wp = 30 rad/sec handling qualities must be degraded to Level 3
because the maximum amount of the gain curve (| IMAX' figure 2) is larger than 20 dB.
A proper lead time of 0.5 sec brings the system to Level 1 for a range of wn from
approximately 2.5 rad/sec to 7 rad/sec. The configuration with wp = 30 rad/sec is again
degraded to Level 3 (| IMax > 20 dB). A lead time of 1 sec increases the initial response
and therefore the frequency range of Level 1 decreases (from 2 rad/sec to about 4 rad/sec).

Figure 7 presents the result of a variation of the damping ratio (f = 0.3 + 1.5).
In case without lead Level 1 area cannot be reached. With a lead time constant of 0.5 sec
the criterion gives the same evaluation as the MIL-specifications. A further increase to
To = 1 sec, which provides a faster initial response, needs a higher value of the damping
ratio. This evaluation indicates that with a proper value of Tg the MIL-limits of the
damping ratio ¢ are correct, but that with an increase of the lead time constant the
limits must be reduced accordingly.

Figure 8 shows the effect of a variation of the steady-state value of Fg/n. This factor
influences the gain/phase margin and therefore the handling qualities, Without any lead
only a higher value of Fg/n causes a "evel 1 rating. Again with Tg = 0.5 sec a confirmity
with the MIL exists. In case of larger lead time constants higher values of Fg/n are
necessary for Level 1.
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Figure 9 indicates the effect of an additional time delay. The parameters of the
transfer function are all inside of the Level 1 limits of the MIL-specifications. Inde-
pendent of the lead time constants all systems with T = 0 are within the Level 1 area.
Already a small time delay degrades the handling qualities from Level 2 to Level 3.

A time delay of only 0.05 sec causes a degradation from the optimal area to the boundary
of Level 1/Level 2.

6. ADVANTAGES

Due to the recognizable effect of various parameter variations an advantage of this
criterion emerges: it facilitates the design of good handling qualities. For example
figure 10 shows clearly how a case of bad handling qualities, caused by a time delay, is
improved by a higher value of Fg/n. Figure 10 also shows how a decreasing damping ratio
may be improved by increasing the ratio of control force/normal locad factor and vice
versa.

A further advantage of the gain/phase margin criterion is a possible PIO-evaluation.
As presented in figure 4, PIO-tendency increases by a decrease of the gain margin.
Figure 11, which includes the effect of all parameter variations, indicates that the
variation of ¢, Fg/n and 1 directly shifts the gain margin. These parameters are mainly
responsible for PIO-tendencies. An increasing of the time delay, a decreasing of the
damping ratio as well as a decreasing of the ratio control force/normal load factor
causes an increasing PIO-tendency. The variation of the remaining parameters Tg and wp
have a lower influence on PIO-tendencies because their direction of shift is almost
parallel to the phase margin line. These results are confirmed by special PIO-criteria
as (3) and (4).

7. DESIGN OF A FLIGHT CONTROL SYSTEM

The gain/phase margin criterion has already been applied to the design of a Command
and Stability Augmentation System (CSAS) for a high performance fighter in a Delta-
Canard-configuration. The object has been to calculate the coefficients of the given
flight control system in such a way that handling qucelities of Level 1 result according
to both the MIL-specifications and the gain/phase margin criterion. The design has been
made over the whole flight envelope, which requires a large number of flight cases. For
a true airspeed Vpag less than 800 ft/sec, the steady-state ratio of pitch rate/control
force has been selected to 0.46 deg/sec 1lb while for a true airspeed above this value,
the ratio of pitch rate/control force has been calculated according to Eq. (2) with
Fg/n = 5 1lb/g. Applying the gain/phase margin criterion the frequency response character-
istic of pitch attitude/control force has been used whereas for the MIL-requirements the
roots of the airframe plus 'CSAS' has been chosen. These roots represent the equivalent
short-period characteristic,

Figure 12 gives the handling qualities evaluation of these two criteria. The damping
ratios and the natural frequencies of the equivalent short period are within the limits
of Level 1. The lead time constant ranges from about 2 sec to about 0.5 sec. This indi-
cates that this time constant is situated in the area of high performance fighter. At
the same time all design points are also within the limits of Level 1 of the gain/phase
margin-criterion, even near the optimal area. As a result it has been found that there
are no obvious discrepancies between these two criteria, However, it must be mentioned
that the evaluation according to MIL-specifications only considers the roots representing
the short-period chararacteristic and neglects the further roots of the transfer function
of the closed control locp.

This design of a flight control system has been accomplished to fullfil both of the
criteria. This indicates that the gain/phase margin-criterion may yield to the same re-
sults as the MIL-specifications.

8. RULES OF APPLICATION

The gain/phase margin-criterion needs the frequency response characteristic of pitch
attitude/stick force including the steady-state ratio. This characteristic shall not in-
clude the dynamic characteristic of the cockpit controller. The considered frequencies
range from about 0.4 rad/sec to about 10 rad/sec.

If only the frequency response characteristic of the pitch rate/control force is
available that of pitch attitude/control force can be calculated by the addition of a
phase lag of 90° and the addition of a gain line with an attenuation of 20 dB/decade.
Thereby the crossover frequency of this line is determined by the steady-state value of
pitch rate/control force (figure 2).

In case the steady-state value of pitch rate/control force is not known, this parameter
can be calculated according to Eq. (2) by using the values of control force/normal load
factor and the value of true airspeed. If the steady-state ratio cannot be calculated be-
cause the value of Fg/n is not known, it may be assumed that for Vpas larger than
800 ft/sec, Fg/n has a value of 5 lb/g and for Vpas less than 800 ft/sec, the steady-state
ratio of 8/Fg has a value of 0.46 deg/sec 1b.
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wWhen the value of Fg/n is within the limits of para. 3.2.2.1 of the MIL-F-8785 C, the
the handling qualities of the longitudinal maneuvering characteristics can be evaluated
as follows:

1. Calculation of the gain margin Gy (figure 2)
2, Calculation of the phase margin 9o m (figure 2)
3. Calculation of the maximal gain amount | lnax (figure 2)

4. Evaluation according to the gain/phase margin diagram
(figure 3)

5. Degradation to Level 2 if | IMAX > 10 dB and to Level 3
if lMAx > 20 4B

9. CONCLUSION

The parameters gain and phase margin of pitch attitude/control force has proven to be
a reliable measure of the longitudinal maneuvering characteristics with and without a
Command and Stability Augmentation System. In the same manner as the MIL-specifications
the gain/phase margin criterion defines ranges for different levels of handling qualities.
The application of the described method is very simple to use and does not require exten-
sive calculations.

The criterion gives an overall evaluation of all systems situated between the control
force and the pitch attitude. Compared with the MIL-specifications, this method offers
the advantage of a complete evaluation of all parameters such as damping ratio and natural
frequency of the short period, lead and lag time constants, time delay and even the value
of control force/normal load factor. This means the criterion evaluates the dynamic cha-
racteristics as well as the steady-state. This makes it possible to perform a PIO-evalua~
tion.

This criterion does not overcome the general weakness of neglecting nonlinearities.
Further it does not include the dynamic behaviour of the control stick and the ratio of
control force to stick deflection. There is another aspect which is generally neglected
but must be considered in future: the speed of pilot adaption capability.

Our effort in the future will be a further improvement of this criterion so that it

will be applicable to different classes of airplanes and different categories of flight
tasks. Special attention will be given to PIO-evaluation.
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LES COMMANDES DE VOL ELECTRIQUES :
VERS DE NOUVELLES NORMES DE JUGEMENT DES QUALITES DE VOL
UN EXEMPLE s LE MIRAGE 2000
par

Paul-Louis MATHE

Chet du Département Dynamique du Vol
AVIONS MARCEL DASSAULT-BREGUET AVIATION
78, quai Carnot -~ 92214 ST CLOUD (France)

Le MIRAGE 2000 est un avion équipé d'un systéme de commandes de vol strictement électriques, Le
choix d'une telle solution répondait i deux objectifs principaux.

Le premier de ces objectifs était de rendre I'avion capable de voler dans des conditions d'instabilité
longitudinale naturelle notable, Les avantages directs de telles conditions de vol sont bien connus et se traduisent
en termes de gains de performances, en pardcuﬁer sur les vitesses d'approche, sur les marges et limites de
manoeuvres, tant subsoniques que supersoniques. Ces gains sont particuliérement sensibles pour un avion de formule
Delta comme le MIRAGE 2000. Les avantages indirects ne sont pas moins importants: la suppression de la
contrainte de stabilité longitudinale dans I'optimisation aérodynamique de I'avion a permis de retenir des dispositifs
tels que des becs de bord d'attaque de grandes surfaces, dont les effets sur la finesse sont taculaires, mais dont
les conséquences sur la stabilité longitudinale sont telles que leur adoption pour un avion équipé de commandes de
vol classiques serait délicate, Enfin, adoption d'un systéme de commandes de vol électriques ayant la capacité
dassurer la stabilisation d'un avion naturellement instable, permet de réduire a de simples problemes de
compatibilité structurale les exigences d'emport de multiples charges externes sans conséquence vraiment
pénalisante sur la définition générale de Pavion.

Ce premier objectif, visé par l'adoption de commandes de vol strictement électriques sur le
MIRAGE 2000, est fondamental. La conception méme de I'avion en dépendait. C'est lui qui permet d'exploiter
pleinement les avantages de la formule Delta (avantages structuraux et aérodynamiques) sans en subir le principal
handicap qui réside dans Pimpossibilité de 'équiper de dispositifs hypersustentateurs efficaces.

Le second de ces objectifs était de réaliser, par rapport & un avion équipé de commandes de vol
classiques, un pas significatif dans l'a!cﬂﬂoratlon des qualités de pilotabilité de I'avion, Ce second objectif, bien que
n‘étant pas en soit fondamental r la conception de I'avion, n'en est pas moins primordial dans le bilan final
exprimé en termes defficacité operationnelle.

Le premier des objectifs que nous avons décrit a exigé, pour &tre atteint, un effort de conception
technologique du systéme de commandes de vol électriques, afin dPassurer un niveau suffisamment élevé de
sécurité. Deux grands principes ont présidé & cette conception 1

- choix d'un niveau de redondance adapté i la criticité des fonctions réalisées par les diftérents éléments du
systéme ; en particulier, une redondance d'ordre & (capacité de survie & une double panne) a ainsi été retenue
pour I'élaboration des ordres de contrSle des élevons et seulement d'ordre 3 pour I'élaboration des ordres de
direction.

- capacité d'une certaine reconfiguration fonctionnelle des chafnes en fonction du niveau dlintégrité de ses
constituants.

Le deuxiéme objectif n‘ajoutait en soit que peu de difficultés techniques i celles qu'll fallait
surmonter pour atteindre Je premier objectif 1 un systéme de commandes de vol électriques, capable d'assurer la
stabilisation d'un avion naturellement instable, poaxde la variété de détecteurs et la capacité de traitement exigée
par une optimisation poussée du comportement général de 'avion vu du pilote, C'est-d-dire de sa % En
fait, les difficultés résidaient a priori beaucoup plus, d'une part dans le choix méme des objectifs té &

viser, dsutre part dans celui des critéres & prendre en compte pour ['établisement des réglages du aystime de
commandes de vol permettant d'atteindre ces objectifs.
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Le prototype n® | du MIRAGE 2000 effectua son premier vol, le 10 Mars 1978, Son systéme de
commandes de vol électriques avait alors atteint un stade de développement suffisamment avancé, et ia confiance
que I'on pouvait avoir en son bon fonctionnement, assise sur de multiples campagnes d'essais sur banc au sol, était
suffisante pour que les responsables des essais en vol de l'avion n‘hésitent pas & lui faire ouvrir, dés ce premier vol,
un domaine incluant des vitesses supersoniques (Mach 1.3).

Ce premier vol et les suivants confirmérent la validité des solutions technologiques retenues et
celles des principaux réglages des commandes de vol qui régissent le comportement statique et dynamique de
I'avion piloté, c'est-a-dire en définitit ses qualités de vol.

Et il est important de préciser que les princi,»ux réglages, qui ont volé au cours des premiers vols du
premier prototype, ont A quelques détails prés &té conservés pour les commandes de vol du MIRAGE 2000 de série.
Certes queiques ajustements ont été ind les au cours des essais en vol. Mais ces ajustements furent
minimes. Par ailleurs, s'ils se sont avérés ssaires, clest qu'en raison de certaines divergences découvertes en
vol, essenticllement en transsonique, entre les véritables caractéristiques aérodynamiques de l'avion et nos
prévisions, le comportement réel de celui-ci s'est révélé différent du comportement souhaité, et non parce que le
comportement souhaité ne satislaisait pas les pilotes. Ceci signifie bien que les critéres de qualités de vol, pris en
compte pour l'établissement, avant vol, des réglages du systéme de commandes de vol, ont été parfaitemnent
vérifiés par l'expérimentation,

C'est un succés certain ; mais, en toute honnBteté, il n'y a pas lieu d'en tirer une gloire excessive,
car ce succes est parfaitement logique et la conséquence directe des possibilités offertes par les commandes de vol
électriques.

En effet, tous les critéres de qualités de vol, quiil s'agisse de critéres universellement connus
(au point qu'ils constituent la base de certaines normes) ou de critéres moins connus et propres au constructeur,
présentent la particularité de n'&tre significatifs, et donc vraiment applicables, que sous deux conditions :

- qu'ils concernent des comportements de ['avion relativement "simples® : modes découplés, quasi-linéarité de ces
modes, ......

- qu'ils soient vérifiés trés "largement”, c'est-a-dire que l'on reste dans leur application toujours trés éloigné des
limites de validité de ves critéres.

Or les possibilités offertes par les commandes de vol électriques permettent aisément de remplir ces
deux conditions ; elles permettent de "simplifier” le comportement de l'avion vu du pilote, en masquant les
éventuels accidents aérodynamiques d'une part, en découplant les modes de comportement de I'avion sur ses trois
axes d'autre part. Elles permettent, par ailleurs, de réaliser une trés large gamme de réglage des paramétres
principaux de comportement de I'avion, et donc de satisfaire ces critéres au plus proche de leur optimum,

11 n'est donc pas étonnant, dans ces conditions, qu'aucune difficulté n'ait été rencontrée en vol pour

véritier la validité des critéres utilisés pour l'étsblissement des réglages du systéme des commandes de vol du
MIRAGE 2000.

Encore fallait-il, pour assurer ce succés, que deux conditions soient remplies :

~ un choix judicieux des critéres,

- une réalisation matérielle des divers éléments constitutifs du systeme de commandes de vol (électronique
d'élaboration des ordres, servocommandes électro-hydraulique de puissance) a la hauteur des ambitions de ces
criteres.

La trés longue expérience acquise par les AVIONS MARCEL DASSAULT - BREGUET AVIATION,
qui rappelons-le, ont toujours congu et produit eux-mémes les éléments essentiels des systémes de commandes de
vol de ses propres avions, a bien aidé a remplir ces deux conditions. Cette expérience s'appuie sur une suite
continue de réalisations (MIRAGES Ill, MIRAGES & décollage vertical, MIRAGES F, MIRAGES G & géométrie
variable, etc...) dont les systémes de commandes de vol préfiguraient, sous de mulitiples aspects, le systéme de
commandes de vol strictement électriques du MIRAGE 2000 et dont Mexpérimentation en vol a permis de dégager
un certain nombre de "régles de I'art" en matiére de qualités de pilotabilité,
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_Cependant, un examen détaillé du schéma foncticnnel des commandes de vol du MIRAGE 2000 de
série, comparé au schéma de ce qui volait en 1978 sur le prototype, montre des différences notables. Ce fait n'est
pas en contradiction avec ce que nous venons d'exposer ; il ne traduit pas une mise en cause des critéres de
comportement a & vérifier pour satistaire certains objectifs de pilotabilite, mais une évolution de ces ob!ggtlh,
souhaitée par les pilotes, au fur et & mesure de leur découverte des possibilités qu'otfraient les com de vol
electnques. Et il est bien certain que les ob)ectifs atteints par les commandes de vol du MIRAGE 2000 de série
dépassent trés largement ceux que nous nous étions fixés préalablement & tout essai en vol et que nous avions
atteints avec le premier prototype du MIRAGE 2000.

Cette évalution des objectifs de pilotabilité est trés caracténsthue de la situation nouvelle créée
par l'apparition des commandes de vol électriques 1 pleinement satisfaits des qualités de pilotabilité (stabilité de la
plateforme, temps de reponse aux ordres de commande, "pureté” de comportement,....) que fournissent de tels
systémes de commandes de vol, les pilotes ont progressivement déplace leurs exlgences dans le sens d'une
simplification, voire d'une suppression complete, des consignes de pilotage exigées par le respect du domaine
demploi de I'avion. Et c'est ainsi qu'a été développé, dans les commandes de vol du MIRAGE 2000, un certain
nombre de fonctions de limitations automatiques de plus en plus perfectionnées.

Cette évolution peut &tre illustrée par deux exemples vécus au cours de la mise au point des
commandes de vol du MIRAGE 2000.

Le premier de ces exemples concerne le contrSle longitudinal de l'avion et ses limitations en
incidence et en facteur de charge.

Dans le choix des fonctions et des réglages de la chalne de tangage du MIRAGE 2000, un certain
nombre d'options avait été initialement retenu et c'est d'ailleurs dans la conﬂguranon correspondante que les
premiers vols furent effectués. Parmi ces options, les deux principales étaient les suivantes :

- Le systéme de commandes de vol comporterait un dispositif assurant une limitation automatique des incidences
de Pavion de tagon & supprimer les risques de perte de contr8le en manoeuvres. Il avait alors été admis qu'un tel
dispositif serait opérationnellement trés intéressant, mé&me si son efficacité était limitée aux configurations de
combat (masse et configuration de charges externes) les plus courantes et pour des vitesses supérieures a une
valeur de Pordre de 100 kts. Ceci supposait donc que pour certaines configurations de combat et en dessous de
cette vitesse, la sécurité vis-a-vis des pertes de contr8le était assurée par des consignes de pilotage.

- Hors de la zone de domaine de vol dans laquelle l'avion est limité par son incidence maximale, le facteur de
charge maximum qu'il serait possible d'obtenir, manche en butee, serait compris entre le facteur de charge limite
et le facteur de charge extréme de l'avion, ce qui impliquait, évidemment, une consigne particuliére de pilotage.

C'est dans cette configuration de commandes de vol que les premiers vols de lavion furent
effectués. Les pilotes furent trés satisfaits de cette solution .... mais pas longtemps,

De nouvelles exigences, c'est-a-dire de nouveaux objectifs de pilotabilité, furent alors precnsees. Le
choix d'un réglage permettant d'obtenir, sur la butée du manche en profondeur, un facteur de charge supérieur au
facteur de charge limite de l'avion fut trés vite critiqué, bien que ce choix ait été retenu & la demande méme des
pilotes en vertu du principe de sécurité selon lequel il vaut mieux "plier" un avion que de percuter le sol. La
critique portait essentiellement sur fa difficulté i respecter scrupuleusement les facteurs de charge limites de
'avion : ou le pilotage du facteur de charge en manoeuvre était relativement "liche" et, dans ces conditions, de
nombreux dépassements du facteur de charge limite pouvaient &tre observés avec toutes les conséquences que ces
depassements peuvent avoir sur la fatigue de la structure et du pilote, ou le pilotage du facteur de charge,
éviter ces depasements. était un pilotage "serre" et, dans ces conditions, 1a charge de travail du pilote tnlt
augmentee a.nsi d'ailleurs que les temps de réponse effectifs de l'ensemble avion + pilote. Pour satisfaire le
prinCipe de séourité précédemment décrit et le souhait d'avoir une limitation automatique du hcteur de charge de
g I'avion & la valeur limite de la structure, nous avons adopté un systeme de restitution d'efforts & double butée : une

butée ehmgue sur laquelle le facteur limite est obtenu ; une butee mécanique permettant d'obtenir un facteur de
charge compris entre le facteur de charge limite et le facteur de ¢ extfk de I'avion,

Pour un certain nombre de configurations de charges externes trés lourdes, le facteur de charge
limite de avion est réduit, Initialement, il avait été prévu que le respect de cette limitation serait réalisé par
simple consigne de pilotuge. La encore, une évolution trés nette des souhaits des pilotes se fit jour au fur et a
mesure de l'expérimentation en vol de I'avion et aboutit & I'adoption d'une commutation, & la disposition du pilote,
lui permettant de choisxr, selon la configuration de son avion, la valeur du facteur de charge limite
automatiquement respecté par le systéme des commandes de vol pour un ordre du pilote correspondant & la butée
! élastique du manche.
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Le dispositif de limitation automatique de l'incidence, yrlncipde clé de la protection de l'avion
vis-a-vis des pertes de contrble, subit de méme un certain nombre d'évolutions allant toutes dans le sens d'une
diminution des contraintes de pilotage. Le premier souhait des pilotes fut que toutes les configurations de combat
de I'avion soient couvertes par ce dispositnf Le second, que la protection vis-a-vis de fa perte de contrdle, pour ces
configurations, soit étendue jusqu'a la vitesse nulle. Ce qui fut fait mais au prix, on le congoit, d'une complexité
accrue du dispositif.

Le second exemple concerne, cette fois-ci, le contrdle transversal de J'avion. La protection vis-a-vis
d'éventuelles pertes de contrSle dépend, nous l'avons vu, de la qualité du dispositif de limitation automatique
d'incidence ; elle depend aussi de la qualité du contrSle transversal de I'avion au cours de manoeuvres a grande
incidence. Cette qualité est obtenue par une adaptation songnee des chalnes de roulis et de lacet du systéme de
commandes vol. Cette adaptation, réalisée dans l'hypothese d'un contr8le transversal de f'avion au gauchissement
seul, peut &tre mis en défaut, dans certaines conditions particuliéres, si le pilote pour ces manoceuvres veut “s'aider”
du pied. La consigne de pilotage, qui en résulte, de limiter les ordres au palonnier dans ce genre de manoeuvres, fut
trés rapidement critiquée par les pilotes et tout un jeu de modifications de la chalne transversale fut appliqué pour
qu'en aucun cas une manoeuvre intempestive du palonnier ne puisse mettre en défaut le contr8le transversal de
Pavion a grande incidence.

Et c'est ainsi que le MIRAGE 2000 est devenu un avion pour lequel les consignes restrictives de
pilotage ont pratiquement completernent disparu : quelles que soient les manoeuvres du pilote sur ses commandes,
la protection de la structure, ainsi que la protection de lavion vis-3-vis des pertes de contr8le sont
automatiquement assurées et ce, jusqu'a vitesse nulle.

Nous avons cité ces quelques exemples, vécus au cours de la mise au point du systéme de commandes
de vol du MIRAGE 2000, pour souligner l'evolutlon des normes de jugement de quahta de vol qui semblent
aujourd’hui se dessiner avec l'apparition d'avions équipés de systémes de commandes de vol électriques,

De tels systemes de commandes de vol permettent, sans trop de difficulté, de "modeler”" le
comportement piloté de Pavion de fagon trés souple et trés efficace et de réaliser ainsi une optimisation, aussi
poussée qu'on le souhaite, des qualités de vol de I'avion au sens classique du terme. C'est ce résultat qui conduit les
pilotes a deplacer leurs exigences : pleinement satisfaits des qualités de vol que Je systéme de commandes de vol
électriques confére 3 J'avion dans son domaine normal d'utilisation, ils souhaitent que ce systéme les aident a
respecter les limites de ce domaine, Ce souhait est d'ailleurs d'autant plus justifié que, au moins dans un certain
nombre de cas, la pureté de comportement de I'avion, assurée par les commandes de vol électriques, ne permet plus
au pilote d'avoir une perception instinctive de I'approche des limites de I'avion (limite en incidence en particulier).

La forme la plus perfectionnée de cette aide consiste a introduire des fonctions de limitation
automatique dans le systeme de commandes de vol, et c'est en définitive bien plus la nature et la qualité de ces
fonctions que la quahte du comportement général de I'avion (que I'on sait de toute fagon rendre excellente) qui
constituent les éléments primordiaux de jugement de bonnes qualités de vol d'un avion @ commandes de vo!
électriques.
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MIRAGE 2000
EVOLUTION DE LA PROTECTION AUTOMATIQUE
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HANDLING QUALITIES OF TRANSPORTS WITH ADVANCED FLIGHT CONTROL SYSTEMS
by

H.A. Mooij and M,F.C. van Gool
National Aerospace Laboratory NLR
Anthony Fokkerweg 2, 1059 CM AMSTIRDAM
The Netherlands

SUMMARY

The application of Active Control Technology concepts and in particular the relaxed-static-
stability principle applied to future transport aircraft will lead to the introduction of closed-loop
primary flight control systems. Adequate handling quality criteria applicable to system design es well as
to airvworthiness rule-making are required,

Flight simulation and in-flight simulation using mathematical models of aircraft with rate-
command/attitude-hold primary flight control systems have been performed for the approach and landing
flight phase in order to generate data for criteria development. Configurations featuring in addition
blended direct-1ift control have been evaluated as well, Based primarily on pilot ratings and commentary,
boundaries between "satisfactory" and "acceptable" handling qualities (Cooper-Harper rating 3.5) have been
established for a number of criterion formats. While several criteria related to aircraft response are
discussed for pitch and roll control, pilot-in-the-loop criteria are proposed for high-precision pitch
attitude and altitude control tasks especially.

t. INTRODUCTION

Systematic correlation of pilots' opinions on the aircraft's flying qualities with measured
airplane stability and control characteristics was started around 1930(Ref. 1). Scmewhat more than ten
years later, the first specification for flying qualities based on a series of flight tests of current
airplane designs was published by NACA (Ref. 2). This document formed the basis for the first (US)
Military Specification with generalized criteria issued in 1943 (Ref. 3). This specification has evolved
into the present status, the MIL-F-8785 C (Ref. 4). ™3« specification is basically applicable tc aircraft
with mechanical primary flight control systems witho with "augmentation" (e.g. rate damping).

With the introduction of closed-loop fligh .ontrol systems with non-mechanical signal trans-~
mission in aircraft, the flying qualities will be determined to a high degree by the characteristics of
this system. Unfortunately, the establishment of handling quality criteria for sircraft equipped with such
systems is significantly lagging behind the development of flight control system technology. Such criteria
are needed as guidelines for adequate system design.

Most flight experience with closed-loop flighi control systems in transport aircraft accumulated
until now is derived from a limited number of ad-hoc type experiments performed with modified production ’
aircraft and in-flight simulators. The numbe- of reported research rrograms aimed at the development of
generalized handling quality criteria of this category aircraft is disappointingly low. The theme of the
present symposium states correctly that the most suitable format of criteria for handling qualities of
piloted aircraft depends on the type of contr:l system used in the aircraft, It may be assumed that in
many cases the properties of these systems in future transport aircraft will lead in principle to the
elimination of the attitude and airspeed stabilization function as part of the task of the pilot. In that
situation the remaining control functions to be performed by the pilot will be the establishment of
equilibrium states and maneuvering.

A flight control system based on rate-command/attitude-hold for pitch, roll and yaw in combi-.a-
tion with an auto-throttle system for airspeed-hold is a logical follow-up of the Combination of the Control
Wheel Steering (CWS) autopilot mode and an auto-throttle of the more advanced contemporary transports.
if part of the existing handling qualities criteria are to remain useful for aircraft fitted with the
above indicated systems it is quite reasonable to expect that the elimination of attitude and airspeed
stabilization from the piloting task will influence at least the limits/boundaries of the parameters used
in existing maneuvering criteria. That in addition new criteria will be needed is easily understood. It is
hypothesized that intermittant control, with relatively long periods without any pilot commands leads in
general to a more relaxed type of controlling by the pilot. This will lead to & rather critical attitude
of the pilot towards the response of motion variables to manipulator deflections. The response is more
clearly observable in the aircraft types under consideration here in comparison to contemporary aircraft 1
which have a more proncunced response to atmospheric turbulence.

Moreover, the pilot is eware of the behaviour of the automatic system at the termination of an
input. For pitch control this means that "nod-back" at the termination of piteh commands should be within
bounds. For roll control the behaviour of the wings-leveller, a system function indispensable for a roll-
rate-command/bank-angle-hold system, must be satisfactory.

It would be very useful if the pilot/aircraft closed-loop control structure could be analysed
using mathematical models for both the aircraft and the pilot. Although models for the aircraft dynamics
are well-known and well-established, models describing the control behaviour of the pilot are still a
subject of continuing research. For a mathematical model describing the control behaviour of the human
pilot to be useful in handling qualities research, a quantitative and absolute "pilot opinion metric"

This research has been sponscred by the Netherlands Agency for Aerospace Programs (NIVR) and the Department
of Civil Aviation (RLD) of The Netherlands,
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associated with the model is a requirement. Such a wmodel is at present not available for the .irframe/
flight control system combination and non-stationary flight phase (flare and landine' under consideration
here. Therefore the experimental approach was gselected to study the pilot/aircrart combination.

It is considered of importance for the hral ..y future development of transport aircraft to give
serious thought to the lessons learned in *h¢ recent past concerning the introduction of modern ":1y-by-
wire” technology into today's fish* .. aircraft., It is observed that despite the application of sop isticated
design methodology these new aircraft continue to suffer from basic flying qualities deficiencies {’efs. 5, 6).
Two of the main points of these lessons as formulated in reference 5 are considered of special impor ance.
One is that in order to achieve the potential of "full-authority augmentation systems", a "logical fly.-g
qualities development process must be created which includes sound technical communication among manager. .
engineers and test pilots". The other one is that, “complexity should be sacrificed for simplicity every
time".

In conclusion of this introductory chapter a survey is given of the main programs performed in
The Netherlands by the National Aerospace Laboratory (NLR) during the last 10 years.

The NLR activities in the general area of closed-loop flight control systems started in 1972
with a flight test program using an aircraft equipped with a pitch-rate~command/attitude-hold flight control
system in combination with & side-stick controller during two~segment noise abatement approaches, reference T.
This was followed in 1974 by a flight simulation program directed at the determination of generalized
longitudinal maneuvering criteria for the landing approach and touchdown flight phase (Refs. 8 and 9).

Flight tests on stick force stability as a cue for manual airspeed regulation during epproach in
aircraft with primary flight control systems featuring pitch attitude-hold, was performed in 1975 and 1976
(Refs. 10, 11, 12} using the NLR-owned Beechcraft Model 80 and the Fokker F-28 prototype.

Flight simulator programs directed at the development of longitudinal (Ref. 13) and lateral-
directional {(Ref. 14) maneuvering criteria have been performed in 1978 and 1979 using the flight simulator
of the NLR.

Selected configurations from the above-mentioned programs were evaluated again in flight using
the USAF/Calspan Total In-Flight Simulator (TIFS) during the end of 1980 and the beginning of 1981,
reference 15,

The emphasis of the underlying paper is on handling quality criteria related to changing the
aircraft attitude and the direction of the velocity vector during the approach and landing based on experi-
ments in the 1978 - 1981 time period.

2. CLOSED-LOOP FLIGHT CONTROL SYSTEMS

.
) .

\ 2.1 Documented experience
|

b

On the basis of the predicted trend in fuel prices it is to be expected that futucre transport
designs will incorporate full-time stability augmentation in order to exploit the gains obtainable from
. the so-called relaxed-static-stability concept (Ref. 16).

Another development towards the improvement of overall aircraft performance will be the accep-
tance of the "all-electric aircraft" concept which means that &ll engine loads, normally associated with the
bleed, pneumatic and hydraulic systems are transferred over to the electric power generation system,

1 (Refs. 16, 17 and 18).

These developments will form the powerful drivers towards the introduction of closed-loop flight control
systems with non-mechanical sigaal transmission in transport circraft. In this section documented flight
and flight simulation experience with closed-loop flight control systems will be reviewed.

Otservations will first be made with respect to two categories of longitudinal flight control
systems:
I: Closed-loop flight control systems which use the horizontal teail as the only aerodynamic control surface,
I1: Systems as mentioned under I, which in addition enhance the maneuverability by using lift-modulating
aerodynamic surfaces on the wing.

The observations are restricted to programs before 1978, reported in the open literature, in
which actual landings were carried out.

Sub I: Closed-loop flight control systems (Refs. 9 and 19 through 26)
Systems based on pitch rate as the primary controlled aircraft motion variable have been favourably
commented upon; this holds for flight test as well as flight simulator results. An attitude-hold
feature, when available was appreciated.
A system based on normal acceleration as the primary controlled motion variable evaluated
in approach and landing (Ref. 23) was not well received by the participating pilots.

Sub II: Closed-loop flight control systems with maneuver enhancement (Refs. 9, 19 and 27 through 29)
In the tests considered, maneuver enhancement resulted in:
-~ smaller pitch attitude variations during approach path following,
- more precise ILS-glide path tracking,
- suppression of “initial acceleration reversal” at the center of gravity,
) - better touchdown position accuracy during flight tests; based on subjective observation (Refs. 28, 29),
# - improved control of sink rate at touchdown during flight simulation tests based on objective

i measurement (Ref. 9),
There are indications that maneuver enhancement can be used to either improve the touchdown position
‘ accuracy or to improve the control of sink rate at touchdown.

T A Y e A N e
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With respect to lateral flight cdéntrol dystems the rollowing observation is in order. Once an
aircraft has a pitch-rate-command/attitude-hold flight control system a roll control system with similar
characteristics should be installed for reasons of control harmony and aircraft stabilization. Therefore a
roll-rate-command/bank-angle-hold system is the logical choice.

Concerning the documented experience with respect to an appropriate type of pilot's controller
for closed-loop flight control systems the following is remarked.

Trensport aircraft with closed-loop flight control systems and non-mechanical signal transmission will most
probably be equipped with a moving type side stick controller. In a number of the above-mentioned
experimental programs such a manipulator has been used (Refs. 9, 21, 23), Without exception favourable
opinions were reported in these programs concerning this type of controller in the context of the
evaluations performed.

2.2 Selection of flight control systems for the experiments

Based on the observations discussed in section 2.1 the form of rate-command/attitude-hold has
been selected for experiments by NLR, the results of which will be discussed in this paper. In addition it
is mentioned here that this principle is well-suited for aircraft in which artificial longitudinal stability
has taken the place of inherent airframe stability (relaxed-static-stability).

Low-speed handling flight simulator research performed recently as part of NASA's Supersonic Cruise Research
program (statically unstable cc. ~eptual aircraft) indicates the use of similar concepts, see references 30
and 31.

It was decided to use manual airspeed control in the piloted evaluations. This decision was based on:

-~ The experience with respect to the combination of a pitch-rate-command/attitude-hold flight control
system with manual throttle on the approach during flight test programs (Ref. 12)
- The desire to minimize the number of automatic (sub-)systems required during normal operation as a design

philosophy.

For the ground-based simulations {Refs. 13. 1l4) the mathematical model of an existing medium-
weight t rin-engined jet transport aircraft was adopted. The combination of horizontal tail area and the
center of gravity location were chosen in such a way that a static margin of zero resulted (the horizontal
tail area was reduced by 40 %). This mathematical model is called Baseline aircraft A. Starting from this
model an aircraft with a 4O % higher gross weight has been defined, called Baseline aircraft B. The latter
model was used in relation to criteria development for maneuver enhancement through the application of
(blended) direct-1ift control.

For both models a primary flight control system was developed in such a way that the dynamics of
the aircraft plus flight control system were selectable by changing a limited number of gains and time
constants in the mathematical model of the flight control system.

A functional block diagram of the longitudinal flight control system is presented in figure 1.
The lateral-directional flight control system is presented in figure 2. In references 13 and 14 the
rationale for the flight control system lay-out and the choice of flight control system parameters are
discussed in detail.

Next the main characteristics of the flight control systems are described; the way in which the
dynamics of the responses to manipulator deflections have been varied is indicated as well.

LONGITUDINAL SYSTEM

The closed-loop formed by the aircraft and the feedbacks of pitch rate and pitch angle functions
as a pitch angle stabilizer ("attitude-hold"). Commands generated through manipulator deflections and passed
through a low-pass filter and through an element (prefilter) which consists of a proportional and an integral
part drive the closed-loop ("rate-command"). For Baseline aircraft B the commands were also passed through
a low-pass filter and a wash-out filter in order to deflect aerodynamic surfaces on the wing for direct-
1ift generation.

The longitudinal short-period frequency was varied in the program through variation of the gain
of the pitch attitude and pitch rate feedbacks.

The pitch rate overshoot after a step command input was varied in the program through variation
of the relative gains of the proportional and the integral parts of the prefilter (prefilter time constant).

The level of maneuver enhancement was varied in the program through variation of the gain ir the
path between the manipulator and the direct-lift aerodynamic surfaces.

In addition the longitudinal flight control system features:
- Two-gradient force-versus pitch-rete-command relationship,
- Bank compensation,

LATERAL-DIRECTIONAL SYSTEM

The closed-loop formed by the aircraft and feedbacks of roll rate and bank angle functions as a
bank angle stabilizer ("attitude-hold"). Commands generated through manipulator deflections and passed
through a lead/lag filter drive the closed-loop formed by the aircraft with roll rate feedback while the
bank angle feedback is disabled through logic ("rate-command").
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Fig. 1 Block diagram of the longitudinal flight control system.
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Fig. 2 Block diagram of the lateral-directional flight control system.

The roll mode time constant was varied in the program through variation of the lag time constant

of the lead/lag filter.

A pure time delay in the roll command path was varied in the program by delaying the command

signal a number of computational steps.

In addition the lateral directional flight control system featured:

- Three-gradient force versus roll-rate command relationship,

- Hings-leveller, active for bank angles between plus or minus 3 degrees,

-~ Yaw-rate feedback to increase Dutch Roll damping,
- Turn-co-ordinator.

3. EXPERIMENT MECHANIZATION

3.1 Ground-based simulation facility

The ground-based flight simulator used for the experiments is developed and operated by the
National Aerospacc Laboratory NLR (Fig. 3). At the time of the experiments the equipment included a computer
installation, a single seat cockpit with pilot's controllers, flight instruments, & visual system and a
motion syatem.

™
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Fig. 3 Cockpit, motion base and visual display aystem of the NLR
fiight simulator.

The instrument panel is based on the conventional lay-out for civil aircraft. The pilot's
primary instruments are elements of an Integrated Instrument System with an Attitude Director Indicator
above a Horizontal Situation Indicator. The pilot's primary (hand) controller was an in-house developed
deflection-type side-stick controller, The rudder pedal forces are generated through a control loading
system. The (left-hand) throttle was of the type used in fighters.

The visual system consists of a terrain model viewed through a closed-circuit color television
system. The visual scene presented to the pilot is collimated to provide images at infinity. The field of
view is 43 degrees in the horizontal plane and 16 degrees in the vertical plane.

The motion system has four degrees of freedom corresponding to the following aircraft motions:
heave, pitch, roll and yaw. Due to the hydrostatic bearings in the jacks the acceleration noise level and
the threshold value of the accelerations are kept very low. High-pass filters for simulation of rotational
accelerations and low-pass filters for simulation of specific forces (through tilt-angles) are used.

3.2 In-flight simulation facility

The USAF/Calspan Total In-Flight Simulator (TIFS) was used as the test vehicle in the in-flight
validation experiment. A description of the capabilities of this in-flight simulator is given in reference
32. TIFS is a highly modified C-131H (Convair 580) configured as a six degree-of-freedom simulator (Fig. 4).

Fig. 4 USAFP-AFWAL/Calspan Total In-Flight Simulator (TIFS)

Computer driven direct-lift flaps, side force surfaces and throttles have been added to yield direct force
capability. Moment control is through the elevator, ailerons and rudder. It has a separste evaluation cockpit
forward and below the normal cockpit. When flown from the evaluation cockpit in the simulation mode, the pilot
control commands are fed as inputs to the model hybrid computer which calculates the aircraft response to be
reproduced. These responses, along with TIFS motion sensor signals, are used to generate feedforward and
response error signals which drive the six controllers on the TIFS. The result is a high-fidelity reproduction
of the motion and visua) cues at the pilot's position of the model aircraft.
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For this experiment, the evaluation cockpit was set up similar to that in the NLR ground-based
simulator. This included the same side-stick controller which was used in the ground simulations. The
cockpit side windows were masked to duplicate the peripheral visibility from a typical transport aircraft.
The forward field of view was larger than normally encountered in transport aircraft, especially in
downward direc.ion. For attitude reference s mark was put on the front screen,

3.3 Dynamics of the configurations

In the ground-based investigation the characteristics of the pitch and roll control systems have
been varied in order to generate experimental configurations with varying flying qualities. One configuration
having good pitch and roll flying qualities was selected as the base configuration and changes in the
characteristics with respect to this base configuration have been investigated. A limited number of
descriptors is used to characterize the configurations as indicated in table 1. For the longitudinal
dynamics the values of the "equivalent system" parameters are used. The "equivalent system" is the best
frequency domain fit of a system with transfer function

-T s
K
q(5+ 1/rq) e’q

o

2
e (s + 2cqwn s oun2)
q
to the actual high-order transfer function. Also the values of the normal acceleration sensitivity parameter

(normal load factor change per unit change of angle of attack) and of the level of the maneuver
enhancement with respect to the maximum level (KDLC/KDLC ) are presented in table 1. The time constant of

the wash-out filter has been kept constant at 5 s.
For the roll dynamics the equivalent roll mode time constant t! and the equivalent time delay T, are
presented. These parameters are defined using the roll rate response to a step-type roll commang input as
indicated in figure 5.

MAX SLOPE

X
ROLL RATE MAX ROLL RATE

63% OF MAX
ROLL RATE

TR

o7 TIME

TR * EQUIVALENT ROLL MODE TIME CONSTANT
Tp % EQUIVALENT TIME DELAY

Fig. 5 Definition of equivalent roll mode time constant
and equivalent time delay, using the roll rate
response to a step-type control input.

As can be observed in table 1 five types of variations have been realized.

A selection was made from these configurations to be validated in the in-flight investigation.
Tr.e base-line configuration and one configuration out of every group was selected. The T configurations
selected for in-flight validation will be characterized by the acronyms used in the gr-und-based
investigation:

E-5/T-1: base configuration (pitch and roll)

E-1 : low longitudinal short-period frequency
F-1 : large pitch rate ovarshoot

G-1 : low n_; no DLC

G-3  : low ng + DLC

T-U : large roll mode time constant

-7 : roll command time delay

The dynamics of the computer models used ground-based and in-flight were identical, as was verified by
compering responses to step-type control inputs. Assuming no difference in instrument dynamics ground-bssed
and in—flight, the configuration dynamics as observed during flight on instruments were identical.

The visual system used in the ground-based investigation and the model-following system in the in-flight
investigation introduced additional dynamics such that in some respects the information as obtained from
the outside visual scene differed between ground-based and in-flight investigations. This difference will
be taken into account when analyzing the results.

3.4 Experiment design

The piloting task consisted of performing approaches in IMC conditions, using only rav ILS
information for guidance followed by a VMC segment below 91 m (300 ft) terminated by s landing., Offsets in
the glide path and localizer indications were removed at certain points during the approcch thus forcing
the pilots to maneuver the aircraft, thereby facilitating their evaluation of the configuration's handling
qualities.
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In both ground-based and in-flight investigations one configuration was evaluated per session
in which three to fivz approaches and landings were carried out. Ample time was devoted to familiarization.
In both types of investigations three pilots have evaluated all configurations.

In the ground-based investigation the environmental conditions consisted of wind shear and light
to moderate turbulence with mean wind at runway level in runway direction for the longitudinal investigations
and 15 kts crosswind in the lateral-directional investigations. In the in-flight investigation the existing 5
natural crosswinds were cancelled for the longitudinal configurations and for the lateral-directional I
evaluation flights cross-winds of 10 to 15 kts were simulated. Natural turbulence was used to disturb the !
model and where necessary artificially generated turbulence was introduced into the model.

Each pilot received a written briefing guide and rating information. Before flying they were
verbally briefed on basic experiment purposes and simulation procedures. In all experiments the pilots have |
evaluated all configuration in a randomized order. To minimize carry-over effects (usage of experience
obtained in one configuration during the next), averaged results of the three pilots have been analyzed.

L. CRITERIA FOR LONGITUDINAL MANEUVERING 1

L.1 Results of experiments

Three groups of configurations (E, F and G) are discussed. The Cooper-Harper ratings given for
the configurations with varying short-period frequency are presented in figure 6. In this figure the results
for the in-flight configuration E-1 is compared to the result for the ground-based configuration E-2 for

reasons explained later.
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10 E-4 E-2
E EEEE!E Fig. 6 Cooper-Harper ratings for
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The degradation of handling qualities with decreasing value of the short-period frequency is
clearly indicated both ground-based and in-flight. Configuration E-S was rated 3-4 on the Cooper-Harper
scale in the flight evaluations while ratings of 2-3 were obtained during the evaluations on the ground.
According to pilot commentary obtained in flight, a relative high level of attention was required for air-
speed control in the in-flight simulator. Two pilots stated that for this reason they rated the configu—ation
in the unsatisfactory region. They stated that when the speed regulation task would be eliminated they would
certainly end up in the satisfactory region (Cooper-Harper ratings of 2 and 3 were mentioned).

The MNooper-Harper ratings given for the configurations with varying pitch rate overshoot after
a step command input are presented in figure T.

The result for the in-flight configuration F-1 is not directly comparable to the result for the | 2
ground-based configuration F-1 for reasons explained later. In figure 7 an additional"F-1/f1ight" has been I
introduced for a value of 1, somewhat higher than the value existing in the ground-based experiment. The :
result obtained in flight is in concurrence with the trend indicated by the ground-based results.

The Cooper-Harper ratings given for the configurations with varying degree of maneuver enhancement
are presented in figure 8. The rating for configuration G-1 for pilot D is considered an outlier and is not i
considered further (see reference 15). For configuration G-3 the mean of the ratings in flight wvas higher
than the mean of the ratings on the ground. Two of the pilots in the in-flight evaluation complained
explicitely about disturbing heave motion associated with stick motions. This was their prime reason not to
rate the configuration better. Non-intentional amplification of “he high-frequency content for the normal
acceleration at the pilot seat of the model ocutput by the model following system has been established. No
proper judgement of this configuration is possible therefore. It is of interest to mention that the in-
flight measured vertical speed at touchdown reduced substantially through addition of maneuver enhancement
from a mean vslue of 0.7 m/s for configuration G-1 to 0.3 m/s for configuration G-3.

Remarks concerning the dynamics of th~ visual system of the flight simulator in relation to the
dynamics of the model-following system of the in-flight simulator are in order here.

In the above presented comparison for the E- and F-configurations the slight differences due to
) the different additional dynamics of the visual system and model-following system have been taken into
f account, thus emphasizing the comparison for the visual flight phase.

s
-
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Fig. 7 Cooper-Harper ratings for the contfigurations with different
levels of pitch rate overshoot.
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Fig. 8 Cooper-Harper ratings for configurations with different
levels of maneuver enhancement.

When the pilot was using the outside visual scene, the dynamics of the visual system of the
flight simulator and the dynamics of the model-following system of the in-flight simulator are superimposed
on the model dynamics. The dynamics of the visual system of the flight simulator can be characterized as a
time delay of 0.05 s and & first order low-pass filter with a time constant of 0.08 s. The effect of these
additional elements can be expressed as an increase of the value of the equivalent time delay with 0.13 s,
resulting in Th = 0.2 s.

Analysis of the pitch rate response to a step-type command input of the in-flight simulator
suggests that the model-following system can be represented by a time delay of 0.07 s and some additional
"lead" to quicken the response after the delay.

With respect to the comparison ground versus flight the additional "lead" of the model following
system warrants the conclusion that:
Configuration E-1/flight should be compared to configuratica E-2/ground
Configuration F-1/flight should be compared to a configuration with a pitch rate overshoot larger
than existing for configuration F-1/ground. An additional configuration "F-1/flight" with t_ = 6.67 is
therefore incorporated in figure 7. 9

Reference 15 discusses these matters in detail.

In conclusion of this section an observation related to the heave response of the motion system
during ground-based simulation and of the model-following system during in-flight simulation is necessary
for the configuration with maneuver enhancement (configuration G-3).

In the ground-based simulator the heave response is attenuated by the filters used in the command path to
the motion system; in principle this can mask a problem area which can develop in real flight. After close
examination of in-flight recorded data it was established that the calibration step responses for the in-
flight simulator indicated a non-intentional initial overshoot of the normal acceleration response at the
pilot station. Amplification of the high frequency content of the model output by the model following system
is apparent on the flight records of approaches flown, A flexible mode of the TIFS airframe plays a role

in the obgserved phenomenon. These observations have led the authors to the conclusion that it cannot be
determined how much the pilot complaints concerning the "disturbing" heave motions mentioned before are
related to the nominal configuration dynamics.
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4.2 Criteria

Both open-loop and pilot-in-the-loop maneuvering criteria have been evaluated on the basis of
experimental results.

OPEN-LOOP CRITERIA

On the basis of the Cooper-Harper ratings of the flight simulator investigation, the correlation
vith the following criteria has been analyzed:
~C*-criteria, reference 33
-large advanced supersonic aircraft criterion, reference 3k
-US Military Specification short-period response criterion, reference 4
-Criterion on the compatibility of steady maneuvring forces and pitch sensitivity, reference 35

The flight simulator results have shown that the first two criteria are not appliceble to the type of control
system under consideration (Ref. 13).
Analysis of the MIL-F-8785 C short-period response criterion, when interpreted through the use
of equivalent system parameters (mn versusn_ ; n, = % 1/1q.) led to the conclusion that this criterion has
e e
shortcomings when used for aircraft with the flight control systems considered here. The criterion allows
lower o, velues than the results indicate, while also a configuration characterized here as having too

much oveSshoot after a step command input, configuration F-2 (CH=L.3) lies well inside the level 1 area,
as is shown in figure 9.
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Fig. 8 Flight simulation results versus US Mil. Spec. short-period
response criterion.

One of the drawbacks of the criterion is considered to be the fact that a criterion for damping ratio is

; specified separately. Especially in the area of relative low short-period undamped natural frequencies

b (vicinity of the lower boundary for u; /na ) the effects of the numerator time constant, undamped natural
q e

frequency and damping ratio should be considered simultaneously.

A proposed criterion which takes the effect of these three parameters into account while it
incorporates the effect of time delays as vell is the "rise time" of the pitch rate response to a step
command input.

Rise time ‘Tri ) as defined here: the time in which the pitch rate response to a step-type
control input reaches 90 pércent of the (final) steady state value. The proposed criteriom is:

Level 1 Level 2

s Triae <1.08 < 1.7 1

} [A1though time delay was not varied in the experimunts, it is possibly of interest to cbserve that an

equivalent time delay of 0.2 s in combination with the equivalent system parameters Wy, s ¢ a and ‘l’q of

’ configuration E-5 has not degraded pilot opinion in the ground-based experiments]. q
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Settling time of the pitch rate response to a step command input is also considered of
importance and possibly usable as criterion. Settling time (Ts tt ) as defined here: the time after which
the pitch rate response remains within a band of values which %an&g from 90 percent to 110 percent of its
(final) steady state value. In the determination of Tsettl the effect of low-frequency dynamics should be
eliminated. A second-order equivalent system description 1§ one means to generate the required time
responses. Pilot evaluation of configuratiors with various values of the equivalent damping ratio, {_ as
vell as the equivalent undamped natural frequency w, is required to propose a criterion for Tuettle'

The format of the fourth criterion mentioned in the beginning of this section, "criterion on
the compatibility of steady maneuvering stick forces and pitch sensitivity", is considered especially
appropriate in the area of high levels of pitch rate overshoot after a step command (e.g. large lead in the
flight control system, F-configurations), see also reference 36.

A criterion format proposed in a document discussing proposed revisions to MIL-F-8785 B (ASG)
(Ref. 35) is directed at the compatibility of appropriate control gains for "stick force per g" and pitch
acceleration. These two control gains can become incompatible in the sense that the pitch control sensitivi- i
t; is too high relative to the "stick force per g". The criterion puts limits to the expression
e [Z]

.

n

P
This parameter can be considered as an appropriate description for the Control Anticipation Parameter (CAP,
reference 37) for aircraft for which the pitch rate to stick force transfer function deviates appreciably
from classical (bare airframe) expressions due to their flight control systems. For the type of control
system considered, side-stick controlled pitch-rate-command (plus attitude-hold), the following criteria
have been established for the approach and landing flight phase:

Level 1 Level 2

sS e| max

lo

< 0.7 rad/se.g < 2.9 rad/sz.g

o

n
p'ss e'max

(<]

p'ss e ' max ;
considerably from the values published in reference 35. When attention is focussed on the substantistion :
of the criterion for Category C flight phase in that reference it has to be deduced that no data at all 7
have been available to substantiate the limit values published. These values are the same as the numerical
values of the upper limit of the CAP of the present Military Specification (Ref. 4). Also the upper limits

These limiting values for X (proposed in the present paper) deviate, however,

F .
for Level 1 and 2, "terminal flight phase" for|—%| x %— published in recommended flying qualities
piss | e|max
criteria for supersonic transports (Ref. 38}, although more restrictive than the values for CAP of the
Military Specification, are not in correspondence with the experimental results obtained here.

Alternative approaches to define the CAP based on time history measurements, are discussed in
references 38, 39, 40 and 41,

PILOT-IN-THE-LOOP CRITERIA

On the basis of the Cooper-Harper ratings of the flight simulator investigation the correlation
with the following criteria has been analyzed:
- Simplified pitch dynamic response criterion, reference 35
- Inferred closed-loop criterion, reference 42
- Original pitch dynamic response criterion, reference 43,

Although closely related to the "original pitch dynamic response criterion", the "simplified pitch dynamic
response criterion" has shown to be less useful in practice as is discussed in reference 13,

No correspondence between th "..ferred closed-loop criterion” and the experimental results have
been shown, reference 13. The 'briginal pitch dynamic response criterion" or Neal-Smith criterion is clearly
the most versatile. Applying the value for "minimum bandwidth" as is proposed in reference 35 for transport
aircraft in terminal flight phases, Wpn g = 1.2 rad/s, the resul. .f ground-based sipulation and in-flight
simulation has indicated that for Levef q handling qualities the following criteria should apply:

e

e
¢ 'max

The limit value on resonance deviates appreciably from the boundaries of the original pitch dynamic response
criterion. In figure 10 the experimental results are plotted. The dynamics of the visual system (of the
flight simulator) are incorporated in the transfer function used to calculate resonance and pilot lead.

< 0 (ap) and.qpc < + 45 (deg)

With respect to aircraft deficient in flight path response and for that reason incorporating
maneuver enhancement as part of the flight control system, no criteria are in existence., It is not possible
to give an "open-loop" type of criterion to specify the amount of maneuver enhancement through blended DLC
required for aircraft deficient in flight path response (n_ too low), reference 13. The reason is that
altitude loop performance obtainable depends among others on pilot compensation used in the inner loop
(attitude). As a possible format for a criterion, a series closure structure is envisaged in which the
¢ innerloop is closed according to the principle discussed above ("minimum bandwidth" 1.2 rad/s, vhile
observing the|0/0c| and 4__ boundaries) and the cuterloop is closed {with only a gain to represent the
pilot action) in Sulf*a way that a phase margin of 30 degrees is obtained. The proposed criterion, see
figure 11, is the "minimum bandwidth", qu_h, wnich should result after the loop closure. Based on flight

———

i decalh
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simulator evaluations only the criterion for Level | handling qualities proposed is:
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Fig. 11 NLR proposed criterion with respect to
maneuver enhancement (Ref. 13).

5. CRITERIA FOR LATERAL MANEUVERING

5.1 Results of experiments

Two groups of configurations will be presented. The Cooper-Harper ratings given for the configura-
tiong, for which the equivalent roll mode time constant was the parameter varied, are presented in figure 12,
The degradation of handling qualities with increasing values of the equivalent roll mode time constant is
clearly observable both ground-based and in-flight. However, a value of 2 seconds being rated unacceptable
in the ground-based experiments (average Cooper-Harper rating 7.3) is rated unsatisfactory but acceptable
in-flight (average Cooper-Harper rating 5.7). The Cooper-Harper ratings given for the configurations, for
vhich the equivalent time delay in the roll command path was the parameter varied, are presented in figure 13,
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Fig. 12 Cooper-Harper ratings for the configurations with different
equivalent roll mode time constant.
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Fig. 13 Cooper-Harper ratings for the couafigurations with different
equivalent time delays in the roll command path.

Degradation of handling qualities with increasing values of equivalent time delay is very similar ground-
based and in-flight.

It must be emphasized that this comparison is based on equivalent roll mode time constant and equivalent

time delay as determined from the computer model step responses. The pilot commentary indicated, however,

that the Cooper-Harper ratings were largely determined by the impressions that were obtained in the final

approach and landing (visual segment). In that situation the dynamics of the visual system of the ground-

based simulator and of the model-following system of the in-flight simulator are superimposed on the model

dynamics. The dynamics are not the same. The ground-based visual system can be approximated by a small time

delay of 0.03 s and a first-order low-pass filter with a time constant of 0.08 s, thus increasing both .
equivalent time delay and equivalent roll mode time constant. The roll response of the in-flight simulator 3
suggests that the model-following system can be represented by a time delay of 0.12 s and "some additional

lead", to quicken the response after the delay. The effect is an increase ‘n equivalent time delay and a

decrease in equivalent roll mode time constant.

5.2 Criteria

In the ground-based investigation the correlation of the Cooper-Harper ratings with a large
number of criteria parameters based on computer responses has been analyzed. Parameters included bank
angle in one second, time to reach 3C degrees bank angle, maximum available roll rate, maximum available
roll acceleration, equivalent roll mode time constant, equivalent time delay etc. The result was that
equivalent roll mode time constant and equivalent time delay of the computer model showed the best
correlation. In reference 14 it is shown that a regression equation of the following form

A
CHest, = 1,6 + 2.7 et 10 Tp

predicted the ratings for all twelve configurations evaluated in two flight simulator experiments with
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good success (A1l actial ratings were within one rating unit from the estimate). The regression equation
does not include the effect of the visual system dynamics, If the parameters are modified as follows:

Té = té + 0.08and T = T_+ 0.03, the regression equation changes into CHest = 1.1 + 2.7 1é + 10 Tp .

v v v v
Using actually measured equivalent roll mode time constant and equivalent time delay, this equation predicts
the following ratings for the three configurations that have been evaluated in-flight:

Conf. T-1,CH_ = 2.9 (cnactual = 2,5)
Conf. T—h,criest = 8.0 (CHactual = 5.7)
Conf. T-T,CH__, = 5.1 (cnacmll =1.3)

The fact that the actual rating for configuration T-4 was significantly lower than predicted indicates that
probably the coefficient of Té is a little too high.
v
In MIL-F-8785 C (Ref. 4), no link is put between allowable roll mode time constant and roll time delay.
For Class II and III aircraft (medium to heavy - weight transport) a boundary on roll mode %ime constant reads:
Level 1 t1_ < t.Us
For time delay a general boundary is mentioned
Level 1 T < O.1s
The modifriBd regression equation mentioned can be used to validate these boundaries assuming the other
parameter is kept at some specified value. Assuming that time delay is negligible (T = 0)
the criterion on roll mode time constant for Level ! handling qualities is: Py

Té < 0.9 s,

which is a value that is smaller than the MIL-F-8¥85 C criterion. Assuming that the roll mode time constant
is small (e.g. 1} ™ 0.3 s) the criterion on time delay for Level 1 handling qualities is:

Rv
T < 0.16 s.
Py
This value is considerably larger than the value of 0.1 s mentioned in MIL-F-8785 C (Ref. 4) but comparabl=
to the boundary of 0.17 s mentioned in reference 38.
The equation suggests that for larger equivalent roll mode time constants, the boundary on allowable
equivalent time delay becomes more restricted, ;

These results seem to indicate that limitations on rise time of roll rate to a step-type command
input may have merit as a criterion.

6. CONCLUDING REMARKS

Ground-based and in-flight experiments have been carried out to investigate the pilot opinion
on handling qualities of transport aircraft equipped with side-stick controlled rate-command/attitude-hold
flight control sy-tems, The dynamics of the pitch and roll control system have been varied such that boundaries
in handling quality criteria could be established.

The in-flight simulation program has been extremely valuable in supporting most of the results obtained
during ground-based simulation programs and in providing new insight. In the in-flight experiments a higher
piloting effort for airspeed regulation became apparent, whereas large roll mode time constants degraced the
pilot ipirio. less than in the ground-based experiments. A general conclusion is that in order to obtain
"satisfactory” pilot opinions these aircraft must possess a somewhat higher equivalent short-period undamped
natural frequency and a smaller equivalent roll mode time constant than those allowable for contemporary
transports with conventional flight control systems.

More specifically the observations with respect to the longitudinal handling quality criteria are as follows:

- When comparing the values of equivalent system parameters of the investigated configurations with the
MIL-¥-878% C short - period response criterion, it appears that the minimum value of short-period undamped
natural frequency is too lenient.

A more comprehensive critericn applicable in this area which incorporates ithe effects of the numerator time i
constant, the undamped natural frequency and the damping ratio simultaneously as well as the equivalent time
delay, is the "rise time of the pitch rate response to a step command input". Limit values for Level 1 and
Level 2 flying qualities have been proposed.

- Limit values for Level 1 and Level 2 flying qualities have been proposed for a criterion concerning the
compatibility of steady maneuvering stick forces and pitch sensitivity which is appropriate for configura-
tions with high levels of pitch rate overshoot after a step command input.

- It is shown that a pilot-in-the-loop criterion based on limiting closed-loop resonance and pilot-lead
compensation has merit for pitch control of transport aircraft in the approach and landing flight phase.
Based on a "minimum bandwidth" of 1.2 rad/s a tentative boundary for Level 1 flying qualities is presented.

- Based only on the ground-based experiments a criterion has been specified concerning the minimum amount of
maneuver enhancement for aircraft deficient in flight path response to attitude changes (n_ too low). The
criterion uses the minimum bandwidth of the outer-loop obtainable after sequential closure of attitude
and altitude loops.

.

The observations with respect to the lateral handling qualities are as follows:

- For negligible equivalent time delays the maximum allowable value for the equivalent roll mode time
constant is smaller than the value published in MIL-F-8785 C.

-~ The allowable equivalent time delay in combination with a small value of the equivalent roll mode time
constant is larger than the value published in MIL-F-8785 C, which is, however, mainly based on fighter
experience.

R e

{
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TABLE 1
Aircraft/flight control system parameters derived from

computer model for the configurations investigated

the

27
@ |
el «

¢

0.22
0.32

Parameter Config. Equivalent system DLC System parameters
varied parameters (pitch) n gain {roll)
a
K L
wnq (q T, T, (g/rad) KDLC ZR) (T;;
s 5
(rad/s) (s)]| \s) DLCmax

Long -short E-S 1.31 [ 0.62 | 0.96
period E-b 1.12 ] 0.63 1] 1.15
I‘x‘equency* E-3 0.9% [0.66 | 1.37|o0.07 L4.T1 0 0.23 0.02

E-2 0.75 | 0.7k 1.67

0.68 | 0.78 | 1.72
Pitch [e=s] | 1.31 |o.62| 0.96 + 4 4 * *
rate F-3 1.27 [ 0.61 ] 1.45]0.07] 4.T1 0 0.23 0.02
overshoot F-2 1.28 | 0.62 | 2.56

1.23 [ 0.63 | 5.26
Maneuver G-1 1.30 0.93 + A 0 * A
enhancement G-2 1.31 | o0.62 | 0.93]0.07T| 3.41 0.32 0.23 0.02

1.32 0.92 0.68

G-4 1.33 0.92 1.00
Roll mode + + 4 + + 0.23 0.02
time constant -2 1.31 [ 0,62 ] 0.96]0.07) L.71 0 0.52 0.03

T-3 0.86 0.0k

1.96 0.0k
Roll time + * * + * * * 0.02
delay T-6 1.31 | 0.62 | 0.96]0.07 L.T 0 0.23 0.12

Ej: Configuration evaluated in-flight.

*) The prefilter time constant has been varied such that 1/1q~0.8 w,
q
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SUMMARY :

Current specifications (e.g. MIL-F-8785) are not fully applicable for augmented
airplanes (high order systems). Major shortcomings are Que to unsuitable mathematical
representation of criteria. In addition current criteria are not precise enough, both
for augmented and unaugmented systems. -

Detrimental effects to flying qualities are discussed. Means to reduce these effects
are proposed, including nonlinear methods.

ST

With respect to the pitch short period a criterion (based on MIL-F-8785 and others)
is presented, which states a more precise relationship between the relevant parameters.

ra A

When transformed into time history and frequency response, this criterion is i
applicable for any svstem.

Especially it is shown, that Nichols-plots can be a useful tool for handling qual-
ities evaluation.

. ; Optimal Stick Force Gradient Criteria (F,/n,,,) are derived from a quasi-linesr
: pilot-aircraft closed loop analysis.

The closed loop characteristics are formulated by means of a bandpass filter
frequency response function, the characteristics of which are defined by the squivalent
aircraft and a precision pilot model frequency function.

- et e AW oy TR

INDRODUCTION:

High performance fighter aircraft show extremely expanded flight regimes as measu-
red by dynamic pressure and incidence angles. Additionally the static stability is
reduced for reasons of improved performance.

These tendencies require the implementation of an automatic flight control system.
Powerful FCS-computers allow sophisticated controls. wide variations in coatrol surface
effectiveness and coupling effects require the adaptation of control surface blending,
varying characteristics of the uncontrolled aircraft require the adaption of control .
laws parameters. Furthermore increased filtering of gensor signals is required, as high
gain stabilization in an airframe with minimized structural weight poses as-
sociated with structural modes and their interaction with control system cs.

Altogether these measures end up in a high order dynamic system. The knowa MIL~
criteria are no longer applicable without additional reasoning.

New and further improved criteria are needed to overcome deficiencies which could be
noted in some early flight tests with augmented airplanes. The influence of detrimental
effects have to be analyzed and taken into account at proper design stages. These
analyses, together with improved criteria including these detrimental effects, will
lead to better guidelines for FCS-design, hopefully.

Of primary interest are criteria with directly usable hints and design goals for
the development of the flight control laws and the systems specification. The basic
background of all flying qualities requirements is the question what should the
handling and ride qualities of an aircraft be so that the pilot can f£ulfill his mission
and flight task in a safe way with minimum workload, and within the limits of hu
ability to adapt to the control problems.

This formulation points out that the evaluation of these criteria are generally
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influenced by effects sometimes considered marginal: density and update-rite of infor-
mation presented to the pilot, e.g. visual cues on the head-up-display and general
visibility, actuation of the pilot controls as stick, pedals, thumbwheels, discrete
inputs etc.

1. Design Considerations for Longitudinal Control (by W. Neuhuber)

Deficiencies of FCS-designs encountered primarily in so-called tight control tasks
as precige manoeuvering in air-to-air combat using the gun, landing approach and close
formation flight or durirg inflight-refueling. In theése cases the pilot shows high gain
performing his task. In the above mentioned flight and mission phases dynamic pressure
and angle of attack have strongly different values.

Therefore it can be expected that the definition and design of appropriate flying
qualities will have to take nonlinear and time-varying effects into account.

Considering the response of the vertical acceleration nz to pilot commands
(Fig. 1-1) three different phases can be distinguished:

a) Initial lagged response
b) rise .
c) settling to stationary value

In precise tracking tasks the initial phage (a) is of high importance. The time history
is strongly influenced by the sum of time lags and delays located in the feed-forward
loops. Additionally there is a nonminimum-phase effect with aircraft manceuvering with
horizontal tails or with vactored thrust alone. By blending manceuver flaps with the
actuation of these controls the nomminimum-phase effect can be eliminated. As a good
"rule of thumb® the degree of elimination should be confined so that the initial pole
of rotation lies at the pilot's station. In that case the pilot will sense a rotational
but no translational acceleration at the first moment of aircraft response.

With regard to the allowable amount of time delay MIL-9490D gives stringent but
justifiable limits which should be given notice early in the FCS design. Filtering in
the feed-forward loop should be minimized for inherent time lags and delays.

In the phase (b) of the n,-response (Fig. 1-1) the steepness of the ng-build-up
should not exceed some limit. Otherwise the pilot could be disconcerted primarily due
to the effects of forces on his head and arms. A limiting value of 8 g per sec has been
cited /14/, but there should be a limit related to the steady state vertical accelerat-
ion, e.g. from 1.6 to 3.6 times the steady state value in one second.

This rule was found by consideration of coordinated turns using full roll
acceleration and trying to stay in almost constant altitude. Pilot comments on normal
load buld-up experienced in highly manoeuverable aircraft will help to establish a more
accurate limit.

In the phase (c) of the n,-response (Fig. 1-1) a well damped behaviour is required.
Settling time should be minimized. This requirement is in conflict with the need for
quick rise time of nz as far linear airframe dynamics and linear control laws are consi-
dered. For a short rise time in phase (b) a high frequency and a low damping of the short
period motion of the aircraft would be favourable, but in phase (c) good dulplng is
required. These conflicting requirements can be achieved simultaneously by means of
nonlinear control laws with some gain adjustment depending on the difference between
commanded and actual load factor.

Whereas in phase (a) time delays in the feed-forward loop were detrimental to
performance, now time delays and lags in the feedback loops must be paid attention in
order to satisfy the requirement of good damping especially in gusty environment.

The discrimination between three different phases of the load factor response
(Pig. 1-1) finds its complement in the digcrimination between gross manoeuvering and
"fine tuning” of aircraft attitude. MIL-Criteria pertaining to eigenvalue characteristics
like frequency and damping are a good guideline to FCS design. This design ghould allow
nonlinear control law modifications advised by analyses of mission-related manoceuvers.
Conflicting requirements and aspects of the n_-and g-response can be overcome by means
of proper static and dynamic blending of aerolynamic control surfaces (and thrust
vectoring), nonlinear shaping of gains in feedforward (command shaping filters) and
feedback loops, and by inserting dynamically shaped pilot commands into different loops
of the longitudinal control system. Unfortunately these means and measures are
accompanied by detrimental effects like additional computer burden and thsrefore delay,
80 ﬁn::b altrade-off has to be accomplished bhetween possible improvements and actual
rea ility.
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2. Criteria for Pitch Short Period Motion (by L. Diederich, MBB Munich) : '~ « -

The method for derivation of short period handling qualicies criteris proposed in this
presentation is based on the assumption that essentially two parameters are relevanti: the
control anticipation parameter (CAP) and the overshoot ratio (resonanoce awutudc)i /16/.
2.1 Derivation Of Optimum Parameters

The control anticipation parameter u defined as follows /15/, /17/:

CAP = qolA n, = § 0°9/qog V = Tg- W .g/v

(note: all parameters are to be understood as low order equivalents of high order
systems) .

With (n /e ) = V/g.Ty /17/, we obtain CAP =W %/(n_ix) ¢+ 8ccording

equivalent
to para 3.2.2.1.1 of reference /15/.

equivalen

The resonance amplitude is defined as: |A|6)n = Tg.q /2%,
If an optimum value for |A'Nn exists, then the optimum damping ratio must be variable: 4
Sam Tg. W /24 AN,

According to reference /11/ and results of references /6/ and /18/, the optimum ampli-

tude is: ! = 1.8 & 5 db., Thus the proposed replacement for para 3.2.2.1.2 of re-
ference /15/ s as follows:

S Tg-w /3.6 ana 5.0 = re.wnz/s.s = CAP.V/3.6g

2.2 Proposed Tolerances

According to references /15/ and /17/, and results from /6/ and /18/, the relation-
ship between pilot opinion rating (POR) and control anticipation parameter should be as
follows: PORS'CAP for CAP ¥ 1 and POR=» 1/CAP for CAP € 1.

Table 2-1 shows the proposed boundaries:

CONTROL ANTICIPATION PARAMETER

Level Cat. ASC Category B
1* 5 to?2 .11 to 3.5
1 .29 to 3.5 .11 to 3.5
2 .15 to 6.5 { .11 to 6.5
3 .1t to 9.5 (.11 to 9.5

Level 1* = optimum region

The requirements for category C in table 2-1 are more restrictive than those in re-
ference /15/. The reason is, that a high value of CAP will help to cure problems associa-
ted with the stick pumping phenomenon as mentioned in refersnce /17/ and as experienced
with several systems: an improved pitch acceleration response due to an sdequate value
of CAP will reduce pilot's pumping activity (controler and surface amplitudes) during
flare, and, on the other hand, short period and pumping frequencies will be well separa-
ted, so reducing the probability of pumping activity to end up in pilot induced oecilla-
tions.

Since deviations of damping ratio from its optimum value result in similar degresda-
tions of flying qualities as deviations of W from optimum do, the tolersnces of Poth
parameters should be coupled as follows:

‘ux"ain - anlw for CAP 2 1
a0d Lo Sontn * CAP/CAR, (. for CAP 5 9

with CAP o 8Nd CAPLin 3ccording to table 2-1.
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2.3 Development of Criteria

If one expresses mentioned requirements in different mathematical mun
one can obtain a set of equivalent short period cutu-u.

For example we assume an arbitrary condition as follows: v = 100 -/uo,' n
T = 0.629 sec, which requires:& = 4.03 rad/sec, 5 = 0.703. meq

Figure 2-1 shows the optimum of & and 9 and the level 1 boundaries in mlm to
those of reference /15/. Several pannltcr inations tolerated in ref. /15/ srs ezxclu-
ded by proposed requirements. Note that location of optimum and boundaries will lhltt with
change of flight condition and configuration.

Figure 2-2 nhow- time response of pitch rate for control stick step mput, with the
parameters stated before.

Figure 2-3 shows the level 1 locations of poles in s-plane for mtionql example.

Figure 2-4 shows the corresponding Bode plots of pitch rate vs. control stick :I.n{ut.
Note that the high frequency asymptotes depend on system order. Rather than the example

of reference /11/, our one is low order. For frequencies higher than short period reso-
nancelrather the relationship between amplitude and phase than their absolute values should
be relevant.

Therefore an alternative representation in frequency domain is proposed: a pseudo-
Nichols diarram of pitch attitude vs. stick input according to figure 2-5.

Figure 2-6 shows the proposed boundaries as developed from the roguirmnn mentio~
ned before, and as checked against data set from references /6/ and /18/, and actual
systems. This representation is not subject to changes due to variations of flight condi-
tion, configuration or system's order. However, bandwidth should be verified (BW 'in .

Table 2-2 shows some properties of the criteria mentioned:

Representation Required Actions
Find low order equivalent adapt for flight condition

wy, vs. { yes yes

time history no * scaling of time axis

S-plane yes yes

Bode plots no scaHng of w-axis & high
frequency agxgtotesﬂwder)

Nichols diagram no evaluate bandwidth:
BW = 0.5wy to 2wy

The representation according to figures 2-5 and 2-6 was dominated as "pseudo”-Nichols
diagram, since the mentioned functions do not contain any pilot model; loop closure via
pilot is fiction for this representation. Therefore this criterion should not be pisunder-
stood as comparable with the Neal & Smith-criterion /6/ or with tHe representation of part
3. of this report. Nevertheless, the closed loop curve of Nichols dlaqnl showed to bo use-
ful boundaries for the proposed critexion.

Regardless of advantages of disadvantages of the representations p:uiatd. it is re-
commended to use more than one criterion simultaneously. Their choice ny depend on mathe-
matical tools and data set available or pro!orrod by the user.

2.4 concluding Remark
If future experience should require revision of proposed optimum values of control

anticipation parameter and resonance amplitude, the method presented vul not ba sffected.
Just the numerical values will be subject t> revision.

-169/:“"
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3. The Derivation of Pitch Btick Porce Gradient Criteria ﬂbl otho: ll.nduu nuuu«
Criteria (by K. Brauser, MBS, uunleh).

3.1 Pilot-Aircratt Closed Loop Analysis

Stick force-gradient criteria (e.g. for the dotiution of the. l./lll ~slops) should be
developed theoretically by closed loop. analysis in order to introduce all handliog ori-~
teria which can influence the stick characteristics, or which are dependent on these. The
closed loop must contain a quasilinear pilot model which should be as precise as pos-
li.blc: and which has been validated by experimental work, ;nd allo by thoouu«l analy~
ais,

The aircraft wodel used in this analysis should. bo an "oqu!.vclont" »odel ucll ll has
been presented in chapter 2 of this repoxt. .

The pilot model introduced here is given by fig. 3-1 (from Bubb /1/) which u shuat
to that of Mc Ruer and Magdaleno /2/ and which has been cxpcrtnnnny validated in /YV/,
theoretically also by the author (/3/).

Since the analysis will be pertorud at thc frequency transfer level, the pilot model
is represented by its frequency characteristics.

Ko(1 + Tas) (1 + Tys) e Cps
K( 1+ Tys) (1 + Tps + T3*s?)

(1) Fpls)

1%”" } damping and resonance of the man-manipulator system

neuromxscular lag time constant

pllot gain

neuromuscular force and joint sensor feedback gain

igogz)ation input and processor lead time constant
+

"

Ty

The equivalent aircraft model is given by (pitch axis short period only):

Kg(1 + Tgs) e Ca®
2) Fule) = = ® - o/p,
s(1 + Tan + Ti's?)

Fg = control stick input

Ke = feel force gain

Kg = stick-force to elevator-deviation gain

To = 1/Ly , the lift coefficient lead time constant
;i - 3 /3;2:," “'P'} short periocd damping and resonance

The closed loop characteristics are given by (fig.3-2)
Fp(s)Fa(s)

(3) Fcris) = , which has the form

1+ !p(s)r.(l)
KpKoKg (1 + Tas) (1 + Tys) (1 + Tgs)e Ce®

K s(1 + Tys) (1 + Tas + TE*s?) + prcx.ﬂ + Tas) (1 + Tys) (1 + Tesle

(4)  Popis) = ]

and in which the pilot neuromuscular manipulator element has been mqlocmd. since W,
should be at least 3.5 times higher than &), (/3/)

Using the Padé- substitution

g 1 = Tes
(5) e Tef . S, Tq = T2 ,the delay term is replaced by
1 ¢+ Ten
6) eCe® . (% *Tals, 1o et

1 2+ Ty

which gives the possibility of the tomhtton of a domtn-tor plyno. in oq. (C) m
now can be evaluated numerically. )

The solution of the problen representéd by mauon {4) is !'ouﬂ to be Y w
gilter® like transfexr tunetion

4
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(1 + Tas) (i + Tys) (1 « Tgs) (i - Tgs) : ; , _
K*(8) (1 + Tea)(1 +[K/(K*Kq) - T4]s ¥/ (R*Kg§s* 11 + Ton + TRI8)

Ke = KpKcKg
(1 + Tys) (1 + Tgs)

K*(s) = - , the pilot's gain coqnnutl.on of the internal
1 + Tas + T§'s? aircraft model.

(8)y Ko = 0./K*(8)/, a chosen constant average nplltudc ot K*(s) over the mnrntim
frequency range (¢ & 1).

The filter characteristic given by eq. (7) is chosen as a complete handling eriterion
of the system pilot-aircraft, in which all single handling criteria known up to dste can
be expressed explicitly depending on each other. (Complete derivation is given in /l/ or
/9/). The equation (7) is the solution for all possible aircraft characteristics of the
type of eq. {2), for it desc.ibes primarily the role of the human pildt which closes the
control circuit. This is true also for all aircraft states of a given aircraft. Any nu-
merical solution should be understood as a solution of a quasilinear control circuit
specified by the momentary operational state. A change of the system state is nd;gtod by
the pilot by generating new lead and gain constaats (see table 3-1 for examples
states).

The hypotheses on which this analysis is based are the following:
(1) The loop pilot-aircraft is always closed when the pilot holds his hand on the
stick, even in the cases when he tries to introduce singletts or doubletts into the
circuit.

{2) The pilot generates a lead tera Ty in order to build up an 'intornal aircraft
model" using also the aircraft qiven lead term Ty:

{1 + Pys) (1 + Tgs) = (1 + Tps + T4*s?) , TyTy = T4

(3) The pilot tries to compensate this "model” if Ty + Ty >.T, {tor Sa = Ta/2Tq* < 1)

by the introduction of a frequency dependent gain tac’torbl'(s) {see above), vhich
is unity for Ty + Tg = T & 1.0.

(4) The bandpass filter transfer function has a constant blndﬂdthaq = 3.5 rad/second,
the phase¢ shift at that frequency should not be larger than 90°.

(5) The pilot adjusts Ko (by means of Kp), K*(s), Ty (also Tp if necessary), Ty
and T4 in order to keep the bcndpug-fueot ebnnentucies of a closed loop .
contafning an arbitrary aircraft within the limits given in fig. 3-3.

(6) The adaptibility of the pilot is limited by
o The order of the generated lead (¥ 2 for good handling) _

o Total lead time (Ty + Tp § 2 ... 3 seconds) - see /4/, /S/, /6/ - . |
OTeg = C.Lz_l* c » s8ince El?_z_l’ L must not exceed 0,4 seconds in order to avoid 2I0-
prone characteristics.
0 Kp is limited for high values by small force discrimination of the internal feed- 4
I;Y ck lgop. and for low values by maximal muscular tension or -~ at a lower level - §
coafort.

o K*(s) is limited by attention level and the characteristics of the gnldmco func-
tion or the disturbances of the systeam.

It is believed that the pilot introduces a constant factor K* which is an average 5
amplitude value of K*(s) over the interesting tnquoncy range. 1

oWy must not be "frozen" byWe+ Wy, (Wi is defined by equ. (9))
3.2 Discussion of the Solution

The slope and the limits of the transfer function (eq. (7)) shown in fig. 3.3 um oy
been evaluated from the "Nichols theorea" developed in part 2 of this riépiies, uuu '
of tig. 3-3 indicate the area of hmdung qualities. It can b- m o3 that on-
ly good handling qualities critetla ed by the alrcraft wh la
part 2 enable the pilot to hold the fiiter duucuruuu within: !ﬂtn. o
algo contain the Neal and Smith criterion (dotted lines). A more detailed discussion u
gtnngluh/tl. There are some conclusions which should be discussed in detail in »u
report, however.
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3.2.1 The Pilot "Strategic Control” Tera

In eg. (7) the term (1 +(“!r-'r.) 3+F‘—‘—1\.02) Bay be said to be the

*Strategic control tera*®, bocaun.it contains all adaptive pilot activities. It can be
demonstrated, that

4
9 g Tw =W
is the maximal stick movement frequency applied to solve control problems, while

(10) ?-!-‘-.- - Te is the "damping factor® %%

of this term. If Sk is too low, it gives rise for PIO tendencies (see 3.2.2). A high
value of Wy is correlated with good handling qualities, this was explicitly proven the
experimental work of Miller /10/, in which was found that a smallest tracking error is
correlated to a high value of Wi (2 Ty £ 6 rad/sec). The numerical values in table 3-1
for stable solutions of eq. (7) show the sane tendency.

The “strategic term" also contains the adaptive gain factors Kg = KpkcKe which the gnot
can adapt to stabilization or tracking problems by variation of Ky, or K*(s) which he ap-
plies to build up the "internal aircraft model" as a feedback fun¢tion, and last not
least K* which is the more realistic tool to compensate the aircraft's instabilities (see
3.2.3). These variable gain factors which are depending on the aircraft momentary state
are used by the analyst to derive optimal stick force characteristics for a given air-
craft characteristic (see 3.3).

3.2.2 Criteria for Pilot Induced Oscillation (PIO)

There are several possible sources of PIO, which are delay and low damping. If delay
terms are present and exceed a certain limit (e.g. Ty > 0,4 sec) the damping of the
"Strategic term"

(100) 3k = (s - Te) - 9K

will decrease, this corresponds to a smaller Kq or higher feel spring constant to hold
the slope of eq. (7) within the "good®” boundaries. Also the pilot is able to decrease Ty
to a certain amount since Cq = Tp + T,, and at least a certain amount is compensated by a
second lead term, say 1 + Tp S. gut, delay compensation by lead is known to be never sa-
tisfactory. The rest of Cq = Ty + Ty, which is a system given delay Ty, will cause the
filter function slope (fig. 3) to exceed the given limits, if its value is too high. As a
result T, increases the PIO tendencies if its value exceeds 0,3 sec.

8ince 5)‘ is one criterion for PIO tendency, also the factor Wy of eq. (10a) can give
rise to PIO. W) is dependent on K*, Kq, and Ty, the neuromuscular man-manipulator lag.
This lag should be - according to Mc Ruer /2/ -~ as low as 0,1 seconds or smaller, but an

adagtion of Ty by the pilot means effort and therefore decreases his handling quality
rating.

Another source of PIO (high frequency bobble) is low damping 5. of the aircraft in
higher energy states. If the pilot must adapt to it by means of low gain K*{s), again the
slope of the filter function will exceed the "gocd" limits of fig. 3. K*(s) corresponds
directly to the "droop® phenomenon described by Neal and Smith /6/, and is discussed in
the following chapter.

3.2.3 "Droop" Phenomena

The “droop®™ described in /6/ depends on the pilot's ability to compensate the air-
craft's dynamics by lead, lag, or gain. The result of this analysis is that the gain
factor K*(s) ~ from equation (7) - which is a feedback transfer function necessary for
the exact numerical solution of the problem eq. (4) cannot be aligned by the pilot him-
self exactly because the frequency slope of K*(s) shown by fig. 3-4 requires too much
attention and knowledge of the aircraft and anvironment state, and is sometimes blocked
by the manipulator system characteristics. Therefore the pilot will replace the frequency
slope by a constant average litude X* of K*(s) over the intotutm !mcx.nqo.
This factor K* automatically gives rise for a "drcop® response inst of the ideally
flat filter response which is only true for S, £ 1,0 in real cases.

i
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3.2.4 Bvaluation of an Example

Table 3-1 contains a data sample of closed loop characteristics for four States of a
chosen aitci-ntt. The four states are indicated by the equivalent aircraft characteristics
Ter '1 ) V, T4 and Ta* which were chosen to meet the "CAP"-requirements of
ll!t.-!- 85B. Te was set to 0,1 seconds, and the pilot variables Tp, Ty, K, Kq and
K*(s) resp. K* were set for each of the four states in order to keep the resulting filter
response within the limits. This response is shown by fig. 3-5, which demonstrates the
*dronp® characteristic using K+, and phase and amplitude shifts according to T,.

This example now is ana%vud in order to extract the force-gradient requirements from
the variable gain terms K/K*Kg.

3.2.5 Manoeuvering

Nanosuver inputs of the pilot are - according to a widespread opinion - actions which
open the closed circuit. Actually this may be not true. If the hypothesis (1) can be
applied also to hard manoeuvre inputs - and without doubt the pilot has to keep his hand
on the stick in such moments ~ the system is also clcsed. In /8/ it is shown that accord-
ing to fig. 3-2 another feedback mechanjism is awitched on, or the pilot gain is now Ky in-
stead of Ky,/s. This means: feedback of instead of O (see also /7/). After /8/ the closed
loop transler function now can be written as

(1 + Ta8) (1 + Tys) (1 + Tgs)e T&®

(7a) Fer(s) = , C& & Tq

K*(8) (1 +K/(K*Kg) )(1 + Tys) (1 + Tas + T§2s?)

which is almost identical with the open loop. But, here the gain of the circuit has

changed from {3 to —'_—1—_R— and again il'('.')“ the source of "droop" phenomena.

K*(s) (1 + h;"
But, in this case, the pilot has to compensate his neuromuscular lag 1 + Tys by his lead
term 1 + T)8, if this is necessary, while Ty is decreasing below Te.

3.3 The Derivation of the Stick Force Gradient Pg/nz from Validated !;-‘:

The hypothesis is that ii/k'*x, is proportional to Pg/nz, and should be adjusted by the
pilot in order to keep the system response within the stability limits.
WNe have

(11a) a) K = 1 + K + KpKy (see /3/, also fig. 3-1)
- _Ps/nz N
b) Ky ¥ wax [R] = gain factor of force sensor feedback

C) Ky = Tl‘ﬂ" ;.;g] = gain factor of joint sensor feedback

d) Kp = ;’:T:? [:] = pilot force input gain

¢) Ko = KpKcKeRyKp

f) Ko = %I. [!':8] = feel force gain

g) Ky = :.:... [;g = tracking error threshold gain (dog = thr:::gid.)
h) Kp = is set one = (e.g.: display gain)

i) Kg = g.. [;:‘lda] = elevator gain

§) Kv = constant average amplitude factor, which depends mainly
onS,, and — , and which is calculated from eq. (8)
Kt & C/K*(w wilg)/y C £ 1,0

) Mgyw according to ch. 2 to replace ngkr

[ P
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Asgsumptions:

Pemax = 146 N (= 32 1b) from MIL-F-8785 B
Smax = 30° = 0,523 rad
Aly ;0,052 £ad (sea //)

-r._. J'tv'tv-‘s‘c-

ng
- P .6 ty(=1)
Y ormeo© o® X —
All interesting values are calculated from eq. (11a - j) for the four states @y = 1,

2, 3.5 and 7 rad/sec) and inserted into table 3-2 and compared with the values of N (I
found in the analysis. Ke

The result is that the values Pg/ng calculated from eg. (11a - j) have a trace in
fig. 3-6 which is in accordance with MIL-F8785B recommendations, the slope of which is
not linear.

Another example which has been described in /8/ is shown by fig. 3-7. This example has
Tg-, and Wa-values which are nearer to CAP = 1,0, and for which PFcp(s) satisfies also
the requirements of fig. 3. Aircraft characcerigtics of this example have been selected
by means of the Northrop-requirements published by Gallagher and Nelson /11/. The Fg/ng-
range of the Northrop criteria are shown in both figures 3-6 and 3-7 as an optimal area.

3.4 Conclusions

It has been demonstrated that closed loop analysis including a physiological proven
pilot model has the power of exact prediction of Fg/nz-values by use of the bandpass f£il-
ter criteria.

A comparison of this method with similar methods published by other authors (e.g. R.
Hess /12/, /13/) showed that the application of an appropriate pilot model is very im-
portant dand gives rise to°more new handling criteria with predictive power. As it was
proven in /13/, the closed loop analysis is the area of more insights into the various
handling quality criteria depending on each other. Manoeuver handling criteria may be
baged on open loop analysis further, or, as was demonstrated here on quasi-open loop
analysis which was performed effectively in the past.

Other stick requirements are also implicitly present in this analysis. The l./n'-
values have been calculated in para. 3.3 for the heavy centerstick only. In fact, "mini-
stick” configuration. will be preferred for future fighter aircraft (center or side loca-
tion) which is indicated by the comments on eq. (4) dealing with the requirement

Wp 3 3,5 Wngp

This means that the undamped resonance frequency of the man-manipulator system

Wp = 1/[5

should be that of a light-weight stick with high feel spring constant Cg, engaged prefer-
ably by the hand only while the arm is at rest. Values of Fg,,x a8 are required for the
calculations (11a ... 11j) need careful investigations before.
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v 1 @ o YalTe |Te ITa [Tv  |Tw |K X Wx sk [E_ | B g ;4P
LR . ~al|le |le k
n/sec #&l"ﬁ‘ sec| sec|sec|sec ncm"“m"ng/ Ly (x*(8)) |rad/| ot CAP |Blope
m! sec sec sec 1dg |tig. 3-5
50 3,81 0,7}1,4|/0,1]0,110,7 0,1 10,455 0,0555 |4,24]0,97|0,555(1,225 3,5 |- 96 [0,25] o
50 3,0|1 o,5)1,7(0,1]0,1|0,4 |O,? 0,34 0,044 {4,76]0,81/0,44 [1,449 3,5 |- 95 |0,3
50 3,811 0,7]1,4}0,3]0,340,7 |0,1 ]0,58 0,088 |3,37|0,97/0,88 |1,225 [3,5 |-139 |0,25| e
100 5,5[2 0,7}0,9}0,10,1j0,27 |0,1 0,41 0,051 |4,42|0,91{0,51 1,288 [3,5 |~ 98 {0,3
100 5,5{2 0,7{0,9{0,2{0,2}0,27 |0,1 {0,59 0,069 |3,8 }0,9310,69 1,288 }3,5 |-124 {0,3
100 5,5|2 0,7/0,9|0,1]0,1]0,27 [0,1 |O,41 0,051 |[4,42/0,91/0,51 |1,288 (3,5 |-108 10,3
200 33,0)3,5 |0,7}0,6j0,1]0,1]|0,136]/0,1 |0,42 0,052 |[4,38/0,92/0,52 1,356 ([3,5 |- 99 {0,3
26,0|3,5 ]o,7|0,8]0,1|0,1}0,102|0,1 |0,42 0,052 |4,38}0,92/0,52 |1,496 [3,5 |- 95 ]0,5
26,0/3,5 |o,7{0,7(0,1|0,1]0,102{0,1 |0,40 0,05 4,47|0,89{0,5 1,496 3,5 |- 95 |0,5 4
400 100,0(7,0 {0,8]0,4{0,7{0,1{0,051/0,08]0,405 0,042 14,87)0,9810,505]1,778 (3,5 |- 76 0,4 +
100,0{7,0 |0,5/0,4{0,1]0,1]0,051/0,08]0,405 0,042 |4,87(0,98/0,505|1,778 13,5 |- 81 {0,4 *
Table 3-1 Calculated data for four states of an equivalent aircraft
(see frequency responses of fig. 5)
Characteristics a/c state values (Te = 0,1 sec -~ Cq = 0,2 sec)
Symbol Dimens. ' Comments
Wa I 2 3,5 7,0
Te sec 1,7 0,9 0,8 0,4
v zez |59 100 200 400
- Mz .g_8 rad
Ko F} v" Y; Noac 0,00196 [0,001886 |0,00175 0,00136
] 1 rad Ky may
Ky = FPg « A ;.5 3,769 1,886 0,942 0,472 be larger
Pg max N
Kp = P'gTﬁ.— R 1,46 2,81 5,214 8,111
Kc = ;h;!! . 57.35| oxr |280 280 280 280
Ke = KpKyKcKg ses 3019 |2, 2,406 1,45
F N
Kg = rﬁ%ﬁ: x |o.684 o,356 0,192 0,123
Ky = :@n ;‘.‘% 0,€84 0,356 0,192 0,123
K = 14Ky +KpK, 2,682 2,356 2,192 2,1233
ke 1,457 to}1,288 to |1,449 to {1,778 to Max K* is
2,1 1,67 2,255 3,17 to be con-
' sidered
L sec 10,61 or |0,655 or {0,628 or {0,823 or lower value
KoK+ 0,444 0,505 0,409 0,462 according to
max. K*
—z:— sec 0,44 0,51 0,52 0,505 average
KeK* from
table 3-1
N
Ps/nz g 100 52 28 18

Fg max ™ 146 N = 32 1b (within MIL recomm.)
s max * 30. = 01523 rad

Table 3-2: Values of
in ch. 3.2,

Fs/ns calculated from the values of p‘—. for the example aircraft

-y
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Fig. 2 - 5:Proposed short-period criterion. Fig. 2 - 6:Nichols plots of level -1
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Fig. 3 - 1: Quasilinear precision model of the human controller (P.Bubb,/1/).
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Fig. 3 - 2: Closed loop of the pilot-aircraft system with "dual control mode" feedback.
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Fig. 3-5 : Bode diagram of F., (s) for 4 aircraft states (£light conditions) ,data used
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Fig. 3-6 : a)Aircraft state parameter 'I'6 vs. velocity V, “zk"nd @n. .
The Control Anticipation Parameter is calculated from CAP =@? /n
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Fig. 3-7 : Aircraft state parameters and state values of r'/n' from another example /8/.
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BARNINTY — A CRITERION WOR EICELY ANDMENYED AIRPLANES

Roger N. Noh, Principel Ressarch
Devid G. Mitchell, Scaff Engineer, lnurch
Systems Technology, Inc.
13766 8. Hawthorme Blwd.
Hawthorne, CA 90250

John Hodgkinson, Unit Chief, Technology
McDonnell Atreraft Co.
P. 0. Box 516
8t. Louis, MO0 63166

A criterion to discriminate between desirable, acceptable, and unacceptable handling qualfities for
highly augmented airplenes is presented. The criterion is based on sn old and well accepted idea; namely,
that bandwidth i{s s key msasure of the quality of an airplane’s handling characteristics in a tight track-
ing situation. Correlations are made using recent experimental dats for pitch sttitude control. Possible
shortcomings of the criterion are also discussed.

The criterion presented in this paper originated from am old and well sccepted idea. Nemely, that s
maasure of the handling qualities of an airplane is its response characteristics when operated in a closed
loop compensatory tracking tssk. The maximum frequency at which such closed loop tracking can tske place
without threatening stability is referred to as "bandwidth" (ug)s It follows that airplanes capable of
operating at a large value of bandwidth will have superior performence when regulating against distur~
bances.

When flying sn sircraft with low bandwidth, the pilot finds that attempts to rapidly minimisge trackimg
errors result in unwanted oscillations. He s, therefore, forced to "back off" and accept somevhat less
performance (larger and more sustsined tracking aerrors). It is not difficult to imegine a clear cut
preference on the part of pilots for aircraft with increased bandwidth capsbilities. In this paper, s
quantitative definition of bandwidth is formulated and s handling quality criterion, correlsated with a
relatively large data base, is proposed.

BACEGCROUND
As mentioned above, the concept of using bandwidth is not new. The most recent utilisstion of bend-

width was in the Nesal-Smith criterion (ses Ref. 1). This criterion consists of a grid of the closed loop
pitch attitude resomance |6/0.|gpgy V8. pilot equaliszation for a pilotad closurs designed to achiwve o

g .
bandwidth. Experience with this criterion has shown that the results caa be semsitive to the

selected value of closed loop bandwidth. The criteriou auggested in this paper utilises the maximim valwe
of bandwidth achievable without threateming etability, thereby removing the mecessity for eslecting a
valus for @yy a priori.

Mother criterion utilising bandwidth wes suggested in Ref. 2. This criterion also selected a fiwed
value of bandwidth (1 rad/eec for power spproach). It utilized the phase margin ¢y and slope of the phu
curve d¢/de at the selected bandwidth frequency as a corrslating parameter. Again, has showm
that the fixed value of bendwidth limited application of the criteriom.

Most, if not all, familiar handiing quality metrics are, in fact, s wessurs of bandwidth. Nowever,
these metrics tend to apply for classical airplenes which can be characterised by lowar ovder systems..
Tor example, the short term pitch yespomse of & classical airplane is well represented by the familiar
spproximation (see Ref. 3)

X ( .L) ,
Y . )
7.2 + 2{.’0”0 + 4')
It is essily shown for this (and similar) tramsfer fumction(s) thet the quality of closed loop error regu-
lation depends on the pilot’s ability to iucreass the short period root (uwgy) without drivisg Lt imte the

right half (uwnstable) plane. As illustrsted by the generic shetches in s 1, aiveraft with low short
period demping (Lep) and/or low short period frequencies (¥,.)) tend to become usstedle st low velues
Lfrequency («qcn Tig. la and 1b).

)

Consider the bamdwidth frequemcy, wgy, as occurring at some (for now) srbitrary msrgin uu- the fre-
quency of imstadbility (sse Pig. 1). It can be seen from m. 1 that wgy depends wmiquely om 9 C., and
1/Te.. Nence, these familtar flyisg quality metrics ace, in fact, & meesure of beadwidths Agls we'mske
the Point that bandwidth 1is got @ unew ides.

The present impetus for ueing wpy as a criterion evolved from attempts to develop & flylag quality
specification for aircraft utilizing umconventional response modes with direct force oontrols (wings lavel
turns, pitch pointing, etc.) (Ref. 4). The tafiaite variety of respomses which could oocsur dee to cowpl-
ing n::ubmmh axes made it mecessary for us to retreat to a sore fundsmental metric, which turwed

out to the
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Figure 1. Stmplified Pilot Vehicle Closure for Pitch Coatrol

The bendwidth (..,) as defined for handling quality criterion purposes is the frequency at vhich the
i phase mergin is 45 deg or the gain margin is 6 dB, vhichever frequency is lower (Fig. 2). In ordar to
apply this definition, ome first determines the frequemcy for neutral stability from the phase portiom of
the Bode plot (w;4,). The mext step is to nots the frequency st which the phase margim is 45 deg. This
is the bandwidth frequency as defined by phase, .-8 se’ Finally, note the smplitude correspoading to
:L.o and add 6 dD. PFind the frequency at which this Value occurs on the amplitude curve; call {t -g .

bandwideh, uy,, is the lesser of m..“h.u-“- Lage® e SyStem is said "o
phase margin limited. On the other hand, H"u., - the system is gain margin limited; that is, the
aivcraft is drivem to neutral stability when the puo!. gcr“u- his gain by 6 &8 (a factor of 2). Gaia
mergin lizited aircraft may have s great deal of phase mergin ¢y, but increasing the gaimn slightly cawses
#y to decrease rapidly. Such systems are characteriszed by frequency response smplitude plots which are
flat, combined with phase plote which roll off repidly, such ss shown in Pig. 2.

Several sets of data were correlated with bandwidth using the asbove definition. A typical result is
shown in Fig. 3 utilizing the data from Ref. 1. While there is a deffinite pilot rating tread with .
the scatter for bandwidths between 2 snd 6 rad/sec does not asllow quentitetive definitioms of £

quality levels. A detailed analysis of the pilot/vehicle closure characteristics wes made for comfigura-
tions ID and 2I. This wes done to determine why these two coufigurations with nsarly equal wy, would have
such a large difference in pilot ratings (4 and 8 respectively). The detailed pilot vehicle closures are
shown in Tigs. 4s and 4b. The velue of bandwidth 1is seen to be asbout the seme for both ocsses. Neowwver,
if the pilot wers to track very aggressively by further increasisg his gaim (to operats at frequencies
am.-,) Configurstion ID would only be unstable for very high pilet gains whereas 21 weuld repidly
becoms unstable (compare the root loci in Figs. 4a and 4b). This behavior is predictsble frem the phase
curves. In particular, Configuratiom 1D has a phase curve which rolls off very gredwally et large velwes

of frequency whereas the phase for 21 drope off rapidly as the frequency is imareased sdbovp It 1s
not surprising that this case (21) received a poor pilot rveting (M=8) comsiderisg thet at
aggressive tracking result ia a closed loop divergence. HNence, W have ovidence thet the adilfity of the

pilot to sttain good closed loop regulatioa without threstening stsbility depends sot oily om
1) ﬂlvaluo!bnh“ﬁ...lbulhou

2) The shape of the phase curve st frequencies abeve ugye
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Rapid rolloffs in phase are well represented by a pure time delay P L Acco:dtl,l.y, both of the key
factors noted above will be accounted for by plotting pilot vating dats om & grid of w_ .. vs. T. This {8
done for the Ref. 1 data (vhich was plotted va. wy, alone in Fig. 3) as shown fa » 5. The scatter
1s seen to be considerably reduced and the dats are Teasonably well separated into Level 1, 2, and 3
regions®*. The values of t used in this plot were obtained from lowsr order equivslent system fits of the
higher order system transfer functions (Ref. 5). The lower order equivalent system form was:

(s + 1/74 Jo Te*

92 + Aquys + ug @

This is an unnecessarily complex wey to obtain a measure of the shape of the phase curve sbove wyu: A
much simpler aspproach is to note that the change in phase dus to a time delay is a linear function o? fre~
quency, i.e. 4¢ = tTa. To the extent that the rolloff ian phsse beyond -180 deg cen be attributed ¢o T,
in Bqn. 2, we can estimate Tq in the vicinity of some frequency ¥; as:

P " TSI e 3

Where w; is some frequency greater thsn the frequency for nsutral stability and the symbol T, represents
the estimate of Tg4. Correlations between Ty and Ty for the combined Ref. 1 and 6 data resulted in & cor-
relation coefficient of 0.9« Thus, there is very good evidence that T, can be used in place of T, in
Fig. 5 as showm in PFig. 6. These results are reasonsbly encouraging with the exception of a aumber of
Level 2 ratings at high values of bandwidth. The abbreviated pilot comments (taken from Refs. 1 and 7)
indicate that abruptness and oversensitivity become s problem when i large. This was especially true
of the Ref. 7 pilot ratings (givem in parenthesis in Fig. 6) A pussible upper boundary on is shown in
Fig. 6 to account for this problem. This boundary is considered tentative becsuse the f{ssue of over-
responsiveness is not completely understood st this time. A broader data base is felt to be necessary to
verify the results concerning an upper limit om L

In the air-to-air tracking experiment reported in Ref. 4, an upper limit on #,,, could not be estab-
lished for the wings-level turn maneuver. These dats are shown in Fig. 7 wvhere gy the bandwidth of the
heading response in the wings-level turn mode. (The wings-level turn mode consisted of commending ysw
rate changes with the rudder pedals with szero bank angle. This was made posaible by the use of a direct
side force control). There does seem to be a trend towards acceptance of sbruptness whem tracking a
target aircraft. PFor exsmple, Configuration 13 in the Ref. 1 experiments was rated 7 end 5.5 due to
"excessive sensitivity." However, in the followup experiment (Ref. 7) with a target aircraft, Coanfigurs-
tion 13 was rated a 2 on two separate evaluations. At first glance this would seem to be an 1diosyacrasy
of different pilots and a different experiment. BHowever, the target aircraft was removed during the
Ref. 7 experiment and the rating went from 2 back up to 7 (see O in Pig. 6).

The dats correlations in Fig. 6 represent up snd away flight and are sppropriste for generating bown-
daries for Category A in MIL-P-8785C (Ref. 8). Date for Category C (approach and landing) may be found 1n
Ref. 6. These data are correlated with wy, and T in Fig. 8. The upper boundary om oy for lavel 1 s
considered tentative for the reasons discussed nbm&-

Definition of ugy for Shelf-iike Freoquescy lespouse

Responses wvhich sre gain-margin-limited tend to have shelf-like smplitude plots as shown in Fig. 9.
With such systems a small increase in pilot gain results in a large changs in crossover frequency emd a
correaponding rapid decrease in phase msrgin. The decresse in phase margin becomss critical for sttitede
control when t, {s moderately large (of order 0.1 to 0.2). The two configurations shown in Fig. 9 are
taken from the Ref. 6 experiment. Applying the previously discussed definition of bendwidth, we fiad that
both Configuration S=6 and 5-7 are gain margin limited. Both configurations suffer from the ssme defi-
ciency, i.e., moderate values of Tq combined with a shelf-like asmplitude curve which results in s wvery
rapid decresse in phase margin with small changes in pilot gain. However, the 6 d8 limit selected to
define wpy oipn does not "catch” Configuration 5-6. While this configuratiom is correctly predicted to be
Level 2 (Pl = 6) on the basis of T, (see Fig. 8) the valus of wpy 1s in the level 1 region. Hed we picked
a slightly higher value of gain in to define Wy, the b th for Configurations 5-6 and 5-7 would
be approximately equal. However, because of the nature of shelflike frequency responses, there will
alvays be a case vhich cen "fool"™ the criterion. An experienced handling qualities enginser would ismedi-
stely recoguize the shelflike shape and moderate T 88 a significeut deficiency. Nowever, the purpose of a
criterion is to eliminate such judgement cslls. JNometheless, it is not expeacted that this idiceyacrasy
will vesult in problems with correlating or predicting pilot rsting dsts inssmech es moderate (Level 2)
valuss of 1’ are required to get a rapid phase rolloff in a frequemcy region where the amplitwie curwe is
flat.

“Sere Lavel 1 * PR € 3-1/2; Lavel 2+ 3-1/2 < PR € §=1/2; lavel 3 + M > 6=1/2
where PR refers to the Cooper Rarper pilot rating scale.

.'l ves taken 80 twice the meutral stability frequemcy, f.e., ] = 30 Henoe,
PR (Y + 100°)/(57.3x
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sasures of uyy and 1,

ooy snd t_ are esasily obtained wvhen the frequency responses are available. However, the frequency
responses thewselves must be obtained from simulation or flight test deata — e.g., 28 in the case of the
Ref. & flight test of Direct Force Control modes. In that program, it was found that excellent frequency
responses could be obtained by fast Fourfer trasneforming flight test data. In particular, pilot gemerated
fraquency sweeps worked wvery well. A typical frequency swesp snd the resulting Bode plot are shown in
Pige. 10 and 1] respectively. The instrumentation required to obtain this deta was minimal, consisting of
a yav rate gyro and pedal position transducer. MWonetheless, the data must be manipulated (vis a Fast
Pourier transform computer program) which is less desirable then resding parameters off a time response.
However, the promise of & wiversslly applicedle parsmeter which works for highly sugmented airplenes and
1is easily fnterpreted ia terms of the piiot closed loop behavior seems sun acceptable price to pay for a
slight increase in complexity to define :he parameters.

Bandwidth has Deen shown to be an effective psrameter to discriminate between level 1, 2, and 3 handl-
ing qualities for highly augmented sirplanes. It was found that the shape of the phase curve above o..u
a key factor. Accordingly, the final criterion involves bowndaries dravn om a grid of ve. T, re
T_ 1o sn estimate of the pure time delsy and 1s used here to define the phase curve tor3>-..
Plot rating data has besn correlated for pitch actitude comtrol and for a wings level turm direct focce
control mode with good results. However, there are soms questions that need to be smswered before it can
be concluded that the criterion is universally appliceble in its present form.
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HANDLING QUALITIES ASPECTS OF CTOL AIRCRAFT
WITH ADVANCED FLIGHT CONTROLS

by

D. Hanke
K. Wilhelm
H.-H. Lange

Institut £ir Flugmechanik

Deutsche Forschungs- und Versuchsanstalt
fir Luft- und Raumfahrt e.V. (DFVLR)
3300 Braunschweig Flughafen, West Germany

SUMMARY

This paper describes the problems which occur in applying the existing MIL~-F-8785C
Short-Period-Frequency Requirements to DLC-enhanced aircraft in flight path control situ-
ations. Recent test results indicate that the MIL-Spec. boundaries are only pitch related
and not applicable to path control problems.

Further, based on DLC investigations carried out with the DFVLR-HFB-320 In-Flight-
Simulator a new generalized flight path control criterion is proposed.

This criterion considers the multiloop landing approach situation characterized by
the pitch inner loop and the altitude outer loop. The criterion philosophy is based on the
frequency separation of the two control loops necessary for good handling characteristics.
In-flight simulation indicates that this frequency separation is reduced by direct lift
control, which leads to severe handling problems, especially for aircraft with poor pitch
dynamics. The flight path to pitch attitude phase at the frequency of pilot-closed innexr
loop was selected as criterion parameter in representing the pitch/heave harmony or loop
separation. This phase criterion is suitable for conventional or DLC-enhanced aircraft.

A simple conversion to the MIL-ugs /n/a-criterion for conventional ajircraft is possible
if n/a is interpreted as -Za/g. 4

In-flight investigations carried out by DFVLR using a rate command/attitude hold
(RC/AH) system to augment pitch inner loop show that the pilot exhibits discrete control
behaviour and open loop type control techniques. In general, RC/AH-systems lead to very
low pilot activity and, combined with DLC, flight path control is improved. Due to this,
new systems oriented handling qualities criteria have to be developed.

1. INTRODUCTION

The relatively recent implementation of complex control systems incorporating high
authority and extensive command and stability augmentation into current aircraft leads to
the requirement for new or revised handling qualities criteria development.

In a number countries significant research has been undertaken to solve these problems.
The contents of this paper will be adressed to the very specific problem of precise flight
path control of large transport aircraft on landing approach.

In particular, the handling qualities investigations related to direct lift control
(DLC) application for flight path control enhancement carried out by DFVLR with the HFB 320
in-flight simulator (1-7] have resulted in better understanding of pilot/vehicle behaviour
in path control situations and have led to a new flight path control criterion proposal.
Covered in this paper are only DLC-systems acting as manoeuvre enhancement devices due to
pitch inputs (pitch-path coupling). Systems decoupling pitch or path show completely diffe-
rent control behaviour compared with conventional aircraft and therefore lead to the require-
ment for special handling qualities criteria [2, 81.

2. FLIGHT PATH CONTROL PROBLEM

Large transport aircraft development shows a trend toward lower n/a-values due to high
wing loading, which leads to sluggish flight path (altitude) response (s. fig. 1). Handling
quality problems arise particularly during the landing approach, where precise flight path
control is required. To overcome these problems the application of direct lift control
appears to offer a promising solution. DLC has been discussed, investigated and partly reali-
zed during the last 15 years, so it is not new. But an appropriate handling qualities crite-
rion which is able to describe the flight path control factors influencing pilot opinion in-
dependent of system design is still nonexistent.

So DFVLR investigations have been directed toward the development of a general flight
path control criterion which can be used for both conventional and direct 1lift enhanced air-
craft,
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Today the only short period flight path control criterion specified in the MIL-F~878S C
(8] addresses the short-period frequency and vertical acceleration sensitivity requirements,
which give a relationship between pitch and vertical acceleration aircraft response. In the
past these requirements have been verified in many applications for conventional aircraft.

It is well known that the parameters as defined in the manoceuvre criterjon cannot be
used adequately for DLC-systems because vertical accelerations can be produced by DLC with-
out angle of attack variations, so that the n/a-value approaches infinity.

Nevertheless, all the flight path control related 'knowledge' inherent in the manceuvre
criterion bogndariea should be used for a new criterion by using a new more generalized para-
meter than n/a.

However, the data evaluation of DFVLR DLC~investigations and the attempt to correlate
the results with the manoeuvre criterion boundaries led first of all to the unexpected result
that the manoceuvre criterion boundaries are not representative of flight path control or ver-
tical acceleration boundaries. What the manoeuvre boundaries really are and how the misin-
terpretation occured will be discussed in the next chapter.

3. A CRITICAL REVIEW OF THE MIL-F-8785C SHORT-PERIOD-FREQUENCY REQUIREMENTS
3.1 LIMITATIONS IN MIL-SPEC. PARAMETERS

The manoceuvre criterion of the MIL-F-8785 C is based on the CAP-Criterion established
by Bihrle [(101. Bihrle used the ratio of initial pitch acceleration to steady state load
factor 8 _./an, . as a flying qualities criterion parameter (CAP) for aircraft manoeuvering,
which cof?&latii well with pilot ratings.

To simplify criterion application the above CAP was replaced by the ‘'equivalent' air-
craft related parameter »__2/n/a. This 'equivalence' was obtained by purely formal computa-
tion using short period aﬂﬂ?oximation valid for conventional aircraft with negligible con-
trol system dynamics.

This approximation was implemented in the MIL-Specifications which, in retrospect, was
overly restrictive because this parameter narrows down the application much more than the
basic CAP formulation. Further, the Equivalent Systems Approach for highly augmented air-
craft [11) is based upon this equivalent parameter to comply with the MIL-Specification,

comparing eguivalents of equivalent values. As a result, the general problem related to the
use of wpgp/n/a remains unresolved by this approach.

In general, the manoeuvre criterion parameter n/a, as shown in figure 2, has been in-
terpreted as a parameter influencing mainly the short period flight path response. The
lower n/a-boundary has been selected to characterize unacceptable flight path control. n/a
is explicitly defined as acceleration sensitivity by MIL-F-8785 C. The prequisites for the

validity of equivalent parameters are the following relationships between pitch dynamics,
CAP and flight path response due to pitch input.

Mée (s + !/T,)

= (1)
e g2, 2E"nsp 8 + ”nlpz

2 2
- 550256 - onsp = Unsp
ca® Nas o Y, n/a (2)
] 02

1

MO Jou o 3)
Top = - - 4
w

The numerator time constant T,, in the short-term pitch rate response (Eq. (1))
physically represents the pitch ragi overshoot behaviour.

In addition, Tg2 physically represents vertical acceleration sensitivity n/e (Bq. (2))
and the short-term fiight path lag due to pitch inputs (Eq. (3)).
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Now, for advanced control gystems the pitch zate cvershoot behaviour can be changed |
independently of flight path lag. Further, through DLC application flight path lag will
be changed without changing the pitch rate overshoot. Therefore, the important relation-
ship (Vo/g) (‘/Tez) = n/a on which the manoeuvre criterion is based, is invalid.

-
|

¢

1

Because in the MIL~Spec. n/a has the physical meaning of vertical acceleration sen-
sitivity, the independent influence of pitch rate overshoot (numerator time constant Tez)
cannot be accounted for.

This problem does not exist using the original CAP definition due to the fact that
the influence of the numerator time constant is included in initial pitch acceleration
response. Using DLC, independent n/u-variations are possible with either n/s going to
i infinity (this would not be a problem using the original CAP definition n___/8) or steady
state n/a remaining unchanged. However, high frequency vertical acceleratiBh response
(s. figure 3) might lead to unacceptable response characteristics, an effect which cannot
be covered by the MIL-Spec. requirements.

3.2 EQUIVALENT SYSTEMS APPROACH

With the Equivalent Systems Approach for longitudinal control the essential charac-
teristics of the higher order system are represented by a lower second order system ({113,
Using a Bode plot matching technique, the two equivalent parameters equivalent frequency
wpe and equivalent steady state load factor due to angle of attack n/a, are ted. In
a3§1tion, an equivalent time delay is used to match the phase lag of hggher order systems.

Equivalent parameters can be used on existing manoeuvring criterion. But matching
problems occur by using basic aircraft n/a with /Ty, fixed or free. With !/T,5 free,
and computing n/a, as equal to V,/g (1/T92e) good correlations are obtained but with phy-
sically meaningleSs n/ag-values. By A'Harrah [12) it was concluded that not n/a but ‘/Tez
is the appropriate parameter, which actually means that n/e is an equivalence for pitch
s rate overshoot. But this is in contrast to the MIL-F-8785 C definition of n/a. To overcome {

the problem of getting physically meaningless n/a~values, A'Harrah {131 proposed making
simultaneous matches of normal load factor and pitch rate characteristics to provide values
of equivalent n/a which are more in line with wind-tunnel derived values than are the pitch-
rate only match values.

However, this again generates tlie old confusion of whether 1/T92 or n/a is the appro-
g priate parameter. For future applications of the manoeuvre criterion this question must be
4 definitively answered. Due to our own research there is substantial experimental support
‘ for selecting the numerator time constant as the correct parameter. This will be verified
in the next chapter.

3.3 PHYSICAL INTERPRETATION OF MIL.~SPEC. PARAMETERS

At first the “nep and n/a-data of thirty existing aircraft on landing approach were
computed and comparea with the manoeuvre criterion. This result is illustrated in figure 4
showing that the n/a-value variations comparing similar sized aircraft are minor.

The differences are caused mainly by different pitch inertias between small to large
aircraft. The same results can be obtained by using the simple approximation

, v
i n/a---g—°-.zw (5)
v s
n/a = 52 GV R e, - Cp, ) (6)

: for horizontal flight conditious.
% Assuming weight equal to 1lift,

i W=mg =~ L, 7
! it follows that
(cLu - CD )
n/a - -_T__n_ (8)
Lo

|
<
¥
. — —

SO — o . R TSE— i
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This shows that in landing approach, physically possible values vary only between
3 and 6 for CTOL transport aircraft. n/a-values below 3 are impossible for aircraft with
aerodynamic lift. Further, the figure show that larger aircraft tend to have lower pitch
dynamics than low n/a-values.

It seemg to be very unlikely that n/a could have a big influence on handling quali-
ties compared with pitch dynamics (short period freguency) because, dus to physical reasons,
the n/a-values are nearly identical for similar siszed aircraft.

aemmtrasiar £ YRS

A comparison of the pure pitch criterion from Neal-Smith C14) and the manosuvre crite-
rion over a wide range of aircraft parameters is shown in figure 5. This figure shows that
the Neal-Smith boundaries correlate very well with the manceuvre criterion boundaries.

The Neal-Smith lead/lag-zero line is within the MIl~boundaries, the upper boundary
correlate with oversensitive (phase lag > 20 deg) aircraft bshaviouy and the lower boundary
with too sluggish response (phase lead > 40 deg). An important difference is seen for the
low n/s-boundary where the Neal-Smith criterion set the resonance boundary influenced by
numerator time constant. It is interesting that parameter combinations shown in the right
plane of the figure are acceptable using the Neal-Smith criterion. However MIL-damping
requirements would reject these configurations. But this region is more theoretical than
practical.

The comparison shows that, in reality, the handling qualities parameters used in the
MIL requirements are related to pitch axis. The physical meaning of n/a is not vertical
acceleration sensivity but numerator time constant influencing pitch rate overshoot and
initial pitch acceleration too.

Further, only with this interpretation of n/a the equivalent system approach is able
to comply with MIL-boundaries. A typical result which support this conclusion is shown in
figure 6 obtained by Mooij [15]. Investigated was a rate command/ attitude hold system
where the numerator time constant of the pitch rate command model in forward loop was
varied with constant n/a of the basic aircraft. The results show gqood correlation with
the low n/a boundary of MIL requirements if equivalent n/a, is used which represents nume-
rator time constant. Further, variation of command model frequency (numerator time con-
stant fixed) results in correspondence with the MIL-boundary.

.

3.4 CONCLUSIONS IN USING THE MIL.-SPEC. REQUIREMENTS FOR FLIGHT PATH CONTROL PROBLEMS

Summarizing the results of the discussion the following conclusions can be drawn:

1. The decision to use short period approximation related parameters wl,./n/u instead
of 6(0)/Anzgg in the MIL.-Spec. short-period frequency requirmntnn! s firstly to
unnecessary imttatiom in application and secondly to misinterpretation of the physi-
cal meaning of the n/a parameter.

; 2. There are strong indications that the manosuvre criterion represent only pitch dynamic
parameters, short period frequency and pitch rate numerator time constant and not ver-
tical acceleration senaivity.

3. To avoid confusion of the physical meaning of criterion parameters, n/a or n/ae should
not be used as equivalent parameters for pitch rate numerator time constant.

4. Generally, the manoeuvre criterion and the Neal-Swmith criterion cannot cover accelera-
tion response characteristics on short term aircraft response.

5. The proposal of using the Equivalent System Approach to compute an equivalent n/a-value
by simultaneous matching of pitch rate and vertical acceleration response indicates that
: ‘ both responses are important for handling qualities. But in this approach n/u. is not
clearly defined and the old controversy n/a or l/'.l'ez is revived.

6. An additional acceleration response criterion independent of pitch response is necessary.

7. It should be noted that pilot ratings on which the existing pitch criteria boundaries
are based include path or vertical acceleration influences. Even though a basic pitch/
acceleration coupling exists, it has not been possible, in the past, to alter the acce-
leration response because it was fixed by the aircraft's wing design and flight condi-
tions. S0 the pitch dynamics were adapted to the given vertical acceleration response.

With the implementation of DLC, however, it is possible to change the acceleration
response independent of pitch behaviour. The influence of acceleration response can thus
be investigates in a much more direct manner than was possible in the past.

4. DEVELOPMENT OF A NEW FLIGHT PATH CONTROL CRITERION
4.1 TEST DESCRIPTION

et o e e v -

As mentioned in chapter 2, the flight path control criterion have been developed mainly
for direct lift control application. The results are based on investigations published in
C6) where the flight characteristics of a large transport aircraft with various direot lift
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control configurations were simulated in-flight using the DFVLR-HFB 320 variable stabi-
lity aircraft (fig. 7). The direct lift control concepts investigated consist of simul-
tanecus deployment of elevator and wing spoilers when the pilot inputs a command in pitch
axis. The concept therefore gives spoiler deflection as a direct function of pilot con-
trol input. The principle is shown in fig. 8.

The pilot's pitch input is routed to the spoiler system via a wash-out term. The ele-
vator and spoiler actuator dynamics are represented by a first order system. The pitch
and normal acceleration behaviour are critically dependent on the choice of wash-out
values and spoiler actuator dynamics [5). The values were chosen following a pilot-in-the-
loop analysis using the Neal and Smith criterion [14) applied to flight path control. In
particular, the spoiler time constant was set to values avoiding too rapid acceleration
response.

A comparison was made between an aircraft without direct lift control and four direct
1ift control configurations differing only in the DLC effectiveness for a fixed value of
wash-out time constant.

The elevator control gain was chosen to give constant load factor ('g') per unit con-
trol displacement, or control force, to avoid changing the influence of this aircraft
handling parameter even further.

The evaluation task was to perform ILS approaches using instruments and "raw” ILS
data and to initiate a go around at 500 £t above ground level.

A test-flight mission consist of 4 - 5 approaches including the whole approach pat-
tern with simulated aircraft dynamics. A total of 56 approaches with two pilots were flown.

4.2 TEST RESULTS

The pilot-aircraft performance was assessed against the requirements set for the ILS
landing approach task. The following ILS-approach performance criteria were to be satis-
fied: glideslope hold accuracy of + 0.5 Dot (total range + 2 Dot). localizer hold accu-
racy of + 0.5 Dot (total range + 2 Dot) and speed control accuracy of + 5 kts.

The mean values and standard deviations of the glideslope error, localizer error
and speed deviation indicate that for all the investigated configurations both pilots
mtisfied the performance and did not reach or exceed the allowable limits in any case.
This means that no configuration in particular stands out on the basis of overall perfor-
mance.

The assessment of the configurations investigated was by an effort scale in which the
Pilot rated his effort from O (no effort) to 10 (high effort), the Cooper-Harper scale was
also used, which relates the performance of the pilot-aircraft system and the work-load.
The summarized result shown in figure 9 was that with increasing DILC effectiveness both
pilots rated the system worse than the basic aircraft without DLC. Especially the configu-
rations with high DLC effectiveness were rated unacceptable. This result was surprising
and unexpected. Therefore the pilot-aircraft system was analized in more detail.

4.3 PILOT-AIRCRAFT SYSTEM ANALYSIS

The pilot technique applied for CTOL aircraft during an ILS approach is that he main-
tains the earth fixed flight path primarily by pitch attitude changes. In doing so he com-
pletes two control loops, an innexr stabilizing pitch and an outer maintaining altitude.
Altitude error is converted by the pilot into required pitch changes i. e. pitch commands,
which are then realized in the inner control loop. Fig. 10 shows these relationships in
control loop format, a structure which has been confirmed by many investigations and can
be found in many references (see in particular [16, 17)).

From the above mentioned relationships the pilot has two tasks in the short period
range:

1) Primarily, pitch attitude hold
2) Flight path hold i. e. altitude hold via pitch attitude.

The handling qualities are thus defined by two dynamic characteristics of the aircraft:

1) Pitch dynamics ©/8,
2) Altitude change dynamics due to pitch attitude changes, h/e.

The achievable bandwidth of the h-loop of the closed system is dependent on the inner
loop characteristics [17)].

This relationship shows clearly the importance of the pitch dynamics for flight path
control. The bandwidth separation of pitch- and h-loop is determined by the h/6 or y/eé-trans-
:or function, since h results from integration of y with the approach speed Vo &8 constant

actor.
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Por conventional aircraft with elevator control the transfer function v/0 (short
period approximation), under the assumptions

1259 M, | << I3, M| and |3, ] << [N, | 182

e e N AR

1
is v/0 = ___m 7 (9)
with
1 a
"ez == z' ¢ (10)

This means that the transfer function y/6 is approximately of first order with time
constant T, which is inversely proportional to the derivative L vhere {

NGB o

is an aircraft inherent quantity, which is fixed due to flight conditions.

From the literature it is known that the time constant affects the handling qualities
of flight path tracking tasks [171. In particular low z'-valuel (therefore large lag vy
following © changes) leads to handling problems.

The purpose of direct lift control is to reduce the lag to increase the flight path
tracking bandwidth. It is not yet clear how small or large the lag can be as a function
of the pitch dynamics without impairing the handling. When using direct 1lift control the
above first order approximation for the y/6 transfer function is no longer valid. The
relationship is of a higher order.

Because the use of open loop DLC naturally also affects the pitch dynamics, the tested
configurations were compared with existing pitch criteria to identify the cause of degra-
dations in handling with increasing DLC effectiveness.

With increasing DLC the pitch response of the aircraft becomes more sluggish, and the
magnitude of the pitch rate overshoot reduces.

A comparison of the responses with the pitch rate criterion for the landing approach
181, shows that all the configurations satisfy the criterion. Only configuration B impinges
the lower criterion boundary (fig. 11).

Fig. 12 shows the results of applying the Neal and Smith criterion for a pitch coantrol
loop closed by the pilot. All the configurations satisfy the criterion i. e. all values lie
within the PR = 3.5 boundary (satisfactory handling). However configuration D lies on the 4
| boundary of the criterion for maximum pilot phase lead.

i ' Checks of other suggested criteria (L1191 and (201 show that the degradation in handling
is not due to the change in pitch dynamics, since all configurations satisfy the known cri- i
teria with PR = 3.5 or only just fail them.

4.4 PLIGHT PATR CONTROL CRITERION

; It was shown in the previocus section that small changes in pitch dynamics of the air-

' craft, due to the DLC system, were not the explanation for different hand E
durin; the tests. ¥ ! P 1189 ratings found

From this it follows that the change in v/6 dynamics was imarily responsible for the
t change in the handling ratings. 9 of P of po L

ngi 13 shows the Bode diagram in amplitude and phase for the v/é transfer functions

F of al e tested configurations. The figure shows clearly that with DLC the phase of the

- k v/e transfer function at higher frequencies reduces less steeply, or increases earlier. The
2 amplitude relationship shows similar trends to the phase relationship.

' ' The greater the phase reduction, the slower the flight path changes dus to pitoh atti-
b l{ : tude changes in a given frequency ru’m, 80 that the orm v/0 transfer !\l:ucu.oa

directly represents the coupling between pitch attitude and flight path due to control inputs.
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In particular it is apparent that the phase relationship in the pitch control fre-
quency range (inner control loop, short period pitch oscillation frequency) is changed
drastically by DLC, and can sven become positive (configuration B), which means that the
flight path leads pitch attitude.

The bandwidth of the altitude control loop are easily found from the MNichols diagram
(fig. 14) which shows the amplitude and phase with hltﬁ-loop open and the inner pitch con-
trol loop closed. Por inner loop closure the Neal-Smith method was used with pilot model
as shown in figure 10. The closed loop bandwith was set to = 1.2 rad/s for landing
H approach. The bandwidth of the h-loop is defined by -90 deg m-o and O 4B amplitude of
the closed loop system. In this it is assumed that the pilot desires unity gain (0 4B) and
operates as a pure amplifier (Gain K.} in the altitude loop.

From figure 14 h~loop bandwith was extracted giving the values listed below

L Conf. h-loop bandwith | Quter-inner loop bandwith ratio
“ Bwh “Bwn/“awe
(inner loop closed) (03“ = 1.2 rad/s) E |
A 0.32 rad/s 0.27
C 0.38 rad/s 0.32
D 0.50 rad/s 0.42
B 0.70 rad/s 0.58

It is apparent that DLC reduces the bandwidth separation (or bandwith ratio "m"’we
between the altitude control loop and the pitch control loop, which inevitably re-
sults from the phase relationships of the v/6 transfer function. It seems that when the
pilot applies the technique of controlling the flight path by pitch attitude, a clear

separation of the bandwidths between pitch and altitude loops is preferred. This means that
Inpu%s to stabilize the pitch attitude (in the frequency range of the short period pitch
oscillation) should not simultaneously lead to changes in the flight path.

First of all, good pitch characteristics are mandatory for flight path control. In
addition, the bandwith separation of the inner and outer loops has to be taken into account.

As an appropriate parameter to describe the bandwith separation or the degree of coupling
between pitch and flight path, the ghﬁ_sc difference of the y/6-transfer function in the
region of inner loop fr n wg wi e used.

This parameter will be defined as

Both too large or too small loop bandwith separation will lead to handling problems. 1

y/o~Phase for = “nsp or w,

written as

; ! e (v/0)|

© = unep (ug) (12)

This, then, is the proposed criterion for flight path control.
This criterion is able to fulfill some fundamental requirements.

it takes into account the pilot-aircraft inner and outer loop structure
it is applicable for conventional and DIC enhanced aircraft

it is not restricted to low order systems

it is physically understandable

it clearly separates pitch and heave motion

it is easy to compute

it is easy extractable from flight test data

there is n0 need to compute eguivalent n/a values

B n i, e @ s

A further requirement is that the criterion be compatible with existing MIL-F-8785 C
specifications. If the n/a of MIL requirements can be interpreted as Ba/g (although this
is questionable) a very simple translation to the phase criterion is possible. Because the
NIL-Spec. boundaries are based on conventional airoraft where the short period approxima-
tion is valid (1. e., v/0 = 1/('1-.a 8 + 1) the v/e-Phase for o » “nsp can simply be computed 1
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by
: WOy L m - are tan(Tyy  upyy) (13)
or using MIL-Spec. paramesters '
.. |
v(v/e) |, o “nep = ~ arc tan (59 an?) . (14)

Fiqure 15 illustrates this translation of MIL-Spec. boundaries into v/6-Phase diagrasm.
V. /g was EEEen to be constant, since for all transport aircraft the approach speed is
aSproximately the same. Typical approach speeds are between 130 - 140 kts. Volg =7 8 was
chosen as a representative quantity.

The right plane boundaries of figure 15 comply with other results from [18) and with
the investigated DLC configurations. But, as shown in chapter 3, at least the left hand
boundary (F - G) has to be interpreted as numerator time constant~boundary of pitch rate
transfer function and not as flight path boundary.

Although the transformation of MIL-boundaries into y/6-phase boundaries looks very
promising, the MIL~Spec. boundaries are not usable because of different physical meaning
of n/a (see chapter 3).

Because both criteria, pitch and flight path, must be fulfilled, another approach

1 would be to combine the flight path phase criterion with the Neal-Smith pitch criterion.
It has been found that large transport aircraft show no tendency to closed loop resonance,
80 a presentation as shown in figure 16 could be used to combine pitch and flight path
control behaviour.

The area filled by existing aircraft is shown by the shadowed area, in which some
typical aircraft are pointed out. It can be seen that so extremely different aircraft as
the 1lifting body HL-10 and the large transport aircraft C-5A stay within -70 degrees lag
1 to 40 degrees lead phase in pitch using the Neal-Smith criterion.

But the y/¢ phase remains within -80 degrees to -55 degrees path lag. This is due
to the fact that the approach condition C. /C is not so different for all ajircraft.
Further, from this it can be concluded thk!, Eﬂ the past, path control was not really a
problem compared with pitch dynamics. Neither the y/6-low phase nor high phase lag boun-
daries are very well established because very few data due to DIC application are available.

It is recommended from the flight tests that for large aircraft with sluggish pitch
response the flight path lag should not be lower than =30 degrees. Further it can be con-
cluded that flight path lag of existing large transport aircraft with ~50 degrees is ade-
quate. Path control problems of large aircraft are not due to severe pitch path coupling
but rather to absolutely unsatisfactory pitch response. This means that DLC will never
improve path control if pitch control is inadequate.

Conclusions

The conclusions listed below are valid only for instrument approaches without Flight-
; Director and assume that the flight path changes result from pitch attitude changes, which
’ is the normal case for CTOL aircraft.

1. The altitude hold of an aircraft is directly affected by the pitch hold characteristics.

2. A one-sided increase in bandwidth jin the altitude loop through DIC leads to a degrada-
tion in handling. It follows from this that flight path control with sluggish pitch dy-
namics cannot be improved by the use of DLC.

3. To use the CTOL techniques (flight path control through pitch changes), a given band-
:1dth segaration between pitch control and altitude control is required for good hand-
ing qualities.

4. An improvement in flight path control on aircraft with sluggish pitch dynamics can be
achieved by DIC only if the pitch dynamics are also improved.

5. The phase difference betwesn flight path and pitch attitude (y/6-phase) in the region

of the frequency of the short period pitch oscillation can be used as a criterion for
the bandwidth separation between the pitch attitude control loop and the altitude con-
trol loop, that is the coupling between pitch motion and vertical motion of the aircraft.
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6. The v/6 phase criterion can be applied to conventional aircraft as well as those
with DILC. It can be transiated directly into the manoceuvre coriterion of MIL~-P-878S C
if n/a is interpreted as -3a/g.

S. FLIGHT PATH CONTROL WITH RATE COMMAND/ATTITUDE HOLD (RC/AH) SYSTEMS

The results shown in the previous chapters are related to more or less conventional
systems, in other words aircraft requiring only conventional response and piloting tech-
nigue to fly an ILS~landing approach.

This conventional technigue is based on two-loop structure with clearly separated
bandwith of each loop. In general, it has been shown that path response of large aircraft
compared with pitch response is not bad. DIC application cannot improve path control be-
cause pitch/altitude coupling will be unfavourably changed. Pr +*his it is concluded that
DIC must improve flight path control capability without degra. 'andling qualities by
using systems with inner loop augmentation such as a rate commanu/a"' it' e hold system.

In that case the inner pitch loop is overtaken by the contr ' systewm o that there
is no need for the pilot to stabilize pitch attitude or to conte ‘act exte -.~1 disturban-~
ces. The manual flight path control loop structure will be simpl. ied _ a single alti-
tude loop, flown by pitch attitude.

Flight tests with a RC/AH-system combined with DLC have been carried out using the
DFVLR-HFB-320 in-flight simulator. The RC/AH-system function, as realir * in the digital
onboard computer, is shown in fiqure 17. For pilot commands a two axis -.degrip controller
for pitch and roll was used (figurelB).

The flight test results show that advanced systems like RC/AH-system for large trans-

port aircraft require new systems oriented criteria because many assumptions on which the
0ld criteria are based are no longer valid.

Firstly, as shown in figure 19, (which represents a typical landing approach with
RC/AH-system under gusty conditions) the pilot control behaviour changes completely com-
pared with conventional aircraft. The pilot inputs are 'pulse' type. Because the system
holds the attitude there is no need for the pilot to be permanently active in the loop.
The pilot tends to control in an open loop fashion; the loop is only closed after a cer-
tain pilot-determined threshold is exceeded. The aircraft response is simple, s0 the pilot
can anticipate its behavior. The loop is only 'closed’' by monitoring the aircraft response.

The RC/AH-system was combined with direct 1ift device as shown in figure 18 to inve-
stigate the pitch/path coupling without the inner loop situation. The pitch/path coupling
was varied in directions;:; in one direction using negative DLC to enlarge the path lag due
to pitch attitude commands, and in the other direction using positive DLC to reduce the
path lag.

The results show that the pilots were not sensitive to negative lift effects, to the
extent investigated, compared with the basic aircraft. But using the same amount of posi-
tive 1lift the ratings improved as expected. Figure 20 shows the culmulative percentage of
time that the side-grip controller was used during approach versus the percentage of grip
deflection in pitch and roll axes with and without DLC. The figure illustrates that about
50 - 60 8 of approach time the grip is not used by the pilots for the RC/AH-system without
DLC. With DLC the grip is not used about 75 % of time in pitch and roll. In addition, per-
centage of grip deflection is reduced.

It is interesting that the improvement in flight path control leads to lower pilot
activity in the roll axis. Pilots commented that with DLC vertical speed variation could
be initiated and stopped very precisely so there was more time to control the roll atti-
tude. :

The results gained from the RC/AH flight tests program can be concluded

1. DLC improves flight path control if the pitch inner loop is augmented by a RC/AH-system
because the frequency separation of inner and outer loop has no relevance.

2, RC-AH-system characteristics lead also to lower activity in roll control.

3. RC/AH leads to generally low pilot activity, and the addition of DLC lessens his acti-
vity even further.

4. Improvements in longitudinal control lead to lower activity in roll control.

5. The pilot closes the loop after the system exceeds a given threshold set by the pilot.
Due to predictable aircraft response, the pilot tend to act as open loop controller.

6. Nevertheless the y/6 relationship remain important for path control. Boundaries for
path control with augmented inner loop have to be established. Other RC/AH systems
with DLC £22) flight tested with TIFS, show that due to high DIC effectiveness close
coupling of pitch/heave motion degrade pilot ratings.

7. Due to system characteristics of RC/AH~system the pilot is much more sensitive to the
initial and steady state rate response due to command inputs than for conventional air-
craft. By freeing the pilot from stabilization task he has time enough to pay attention
to such details.
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10.
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12‘

13.

Mew handling qualities criteria for RC/AH must take the following factors into
account: a) single~loop flight path control situation, b) modified pilot techniques
and ¢) intermittent entry of pilot into the loop.

CONCLUSIONS
shown in the previous discussion the following general conclusions can be drawn.

The short-period-frequency requirements of MIL-F-8785 C are not adequate for precise
flight path control tasks using advanced control systems with blended DLC.

It is necessary to separate the requirements for pitch and for heave motion.

For conventional flight path control techniques using pitch attitude, it has
been shown that, the flight path to pitch coupling behaviour is an important
handling qualities parameter.

The flight path to pitch attitude phase at the frequency of pilot closed inner
pitch loop is proposed as criterion parameter in representing the heave/pitch
control harmony or flight path to pitch loop separation.

The v/9-phase criterion is suitgble for conventional and DLC-enhanced airxcraft.
A u.-p;c conversion to the “nsp /n/a-criterion is possible if n/a is interpreted
as -8 _/g.

a

As shown by the RC/AH-system results, flying gualities have to be system oriented
also. Control augmentation will change pilot task and pilot-aircraft control situ-
ation; therefore, special handling qualities requirements are necessary.

It is questionable whether a closed loop system representation is applicable to
RC/AH-systems. The pilot exhibits discrete control behaviour and open=-loop-type
control techniques. Further investiations are required to take these factors into
account for future handling qualities requirements.
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Fig. 7 DFVLR-HFB 320 In~flight simulator
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THE STATUS OF MILITARY HELICOPTER HANDLING QUALITIES CRITERIA

David L. Key
Chief, Flight Control Division
Aeromechanics Laboratory
U.S. Army Research and Technology Laboratories (AVRADCOM)
Ames Research Center, Moffett Pield, California 94035

SUMMARY

The paper provides an assessment of current helicopter specifications and describes
the plans that the U.S. Army AVRADCOM has for a major effort to develop a new specifica-
tion providing mission-oriented requirements.

Comparisons of several previous U.S. military specifications indicate that
MIL-F-83300 has clear advantages in its broad coverage of important handling qualities
aspects and its systematic structure. Its disadvantages are that it is primarily based
on V/STOL data, and explicit helicopter characteristics are only lightly covered.
MIL-H-8501A and the system specifications developed expressly for recent military pro-
curements do specifically address helicopters, and, through long familiarity, the heli-
copter community is comfortable with them. However, they do have rather sparse coverage
of many important topics. All of these specifications are sadly lacking in mission-
oriented criteria and are basically for visual meteorological conditions (VMC) with no
coverage of night operations and only token requirements for instrument meteorological
conditions (IMC).

Recognition of these deficiencies has resulted in a major effort being initiated by
the U.S. Army and Navy to develop a new specification containing mission-oriented
handling qualities requirements. The efforts will be directed by the U.S. Army AVRADCOM,
and contributions to the program will be made by NASA, the USAF, and the FAA. It is
planned that a revised specification will be ready for submission for adoption as
MIL-H-8501B in 198S5.

1. INTRODUCTION

The current specification MIL-H-8501A, Helicopter and Ground Handling Qualities
(Ref. 1), is a 1961 revision of a 1952 document. It gave good guidance in its early
years, but by the late 1960's had many obvious deficiencies. For example, Ref. 2 pro-
vides a detailed analytical review of these shortcomings; empirical evidence can be seen
in reports of flight-test evaluations by the Army Engineering Flight Activity (AEFA)
(Refs. 3-5). MIL-H-8501A is still used by AEFA, to some extent, as a yardstick for
flight-test evaluation, but for procurement of the UTTAS and AAH, the Army Aviation
Research and Development Command (AVRADCOM) developed a new set of handling qualities
specifications and incorporated them into the Prime Item Development Specification (PIDS)
(Refs. 6,7). The Navy used essentially the same requirements for the LAMPS-III. For the
Army Helicopter Improvement Program (AHIP), the handling quality requirements referred to
MIL-H-8501A and provided some guidance on control sensitivity and rate damping (Ref. 8).

There have been several formal attempts to revise MIL-H-8501A — a "B" version was
proposed in 1968 but never developed and adopted. The V/STOL specification MIL-F-83300
(Ref. 9) was the culmination of a major effort by Cornell Aeronautical Laboratory under
the sponsorship of the Air Force Flight Dynamics Laboratory. It incorporated all the
data available at the time and followed closely the structure and format of the recently
revised specification for conventional aircraft — MIL-F-8785B (Ref. 10). The data and
rationale for the requirements were presented in a background information and users guide
(BIUG) (Ref. 11) which was modeled after the equivalent BIUG for MIL-F-8785B (Ref. 12).
MIL~-P-83300 attempted to include helicopters and, in fact, was adopted for helicopter
application by the USAF. However, the U.S. Navy and Army chose not to adnpt it for heli-
copter application. Some of the reasons for this may be related to the type of criti-
cisms provided by Green (Ref. 13). 1In an attempt to overcome the perceived shortcomings
of MIL-F-83300, the Army and Navy jointly sponsocred Pacer Systems, Inc., to draft a
revision to MIL-H-8501A. This effort adopted some of the concepts and structure used in
MIL-F-8785P and 33300, and many of the new requirements were innovative, though they
lacked data for substantiation. The preliminary report of this effort was submitted in
March 1973; it had limited distribution, and was never finally published.

Experience in previous efforts to revise MIL-H-8501A showed that the primary
obstacle to developing new requirements was a lack of systematic data from which new
criteria could be developed and used for substantiation. In the last 10 years, several
sources have contributed toward enlarging this technical data base: significant experi-
ence has been gained in procurement of three Army projects, the UTTAS (UH-60A Blackhawk),
the AAH (AH-64 Apache), and the AHIP Near-Term Scout Helicopter (NTSH); the Navy has
procured the LAMPS 111 (Seahawk), which is based on the Blackhawk; experimental research



http://www.abbottaerospace.com/technical-library

11-2

work specifically oriented toward building the flying qualities data base has been under
way by the Army and NASA at Ames Research Center; significant strides have been made by
the fixed-wing community toward developing techniques for analysis and understanding of
flying qualities, particularly techniques to handle fly-by-wire digital control systems,
and tailored responses for the integration of flight control and weapon delivery maneu-
vers exploiting features such as direct force control. This body of experience will form
a reasonable basis for mounting a major revision effort.

The remainder of the paper is divided into three main sections. The first provides
an overview of existing specifications and describes some of the basic needs. The second
illustrates some of the problems with two of the most fundamental criteria: longitudinal
dynamic response and roll-control effectiveness. The last section outlines plans for the
joint Army/Navy program to develop a new specification incorporating mission-oriented
criteria which will be called "Update 8501."

2. OVERVIEW OF CURRENT SPECIFICATIONS

Reference 14 describes an attempt to assess the current specifications by comparing
the latest UTTAS and AAH system specifications (Refs. 15,16) with MIL-H-8501A (Ref. 1)
and MIL-F-83300 (Ref. 14). Three other specifications, AGARD Reports 408 and 577-70
(Refs. 17,18) and Curry and Matthews (Ref. 19) made notable contributions to the develop-
ment of V/STOL criteria, but they were not included in this comparison because they made
no claims to cover helicopters, and were not written as contractual documents. The
comparison shows that MIL-F-83300 has clear advantages in its broad coverage of important
handling qualities aspects and its systematic structure, 1Its disadvantages are that it
is primarily based on V/STOL data, and explicit helicopter characteristics are only
lightly covered. MIL-H-8501A and the PIDS do specifically address helicopters, and,
through long familiarity, the helicopter community is comfortable with them. However,
they do have rather sparse coverage of many important topics. Even where topics are
addressed, many shortcomings in the MIL-H-8501A requirements have long been recognized
(Ref. 2). 1In addition, MIL-H-8501A and the PIDS lack a systematic treatment of flight
envelopes and failures. All of these specifications lack mission-oriented criteria and
are basically for VMC with only token recognition of separate IMC requirements.

It must be recognized that the task or mission flight phase to be performed by the
helicopter can have a substantial effect on the requirements. In MIL-F-83300 the
requirements were divided into hover and low-speed (i.e., less than 35 knots) and forward
flight (i.e., for speeds from 35 knots to Vcony). The data base for the hover and low-
speed requirements were based largely on research investigations using generalized hover
and low-speed taxi tasks. No systematic investigations had been made of mission-oriented
tasks, such as night NOE flying where precision of control is required in tasks such as
hover-bobup (Ref. 20), or shipboard landings in high sea state, where the ship motions
and the wind and turbulence interactions result in an extremely taxing task (Ref. 21).
Attention to such flight phases will necessitate significantly more stringent require-
ments. For speeds greater than 35 knots the data and requirements were oriented at
V/STOL approach and landing. The resulting requirements may be good minimums for flight
gsafety but there is need to develop requirements to enhance performance of the opera-
tional missions that helicopters perform in this speed range. The intent in MIL-P-83300
was to convert to the fixed-wing aircraft requirements of MIL-F-8785B at speeds above
VcoN. Although the idea of making helicopters meet such rigorous requirements turned
V*"CONVERT” into V"CONSTERNATION,"” and was rejected, the advent of high-speed rotorcraft,
such as the Bell XV-15 Tilt Rotor and the Sikorsky XH-59A ABC, means that this problem
will soon have to be addressed.

Additional problems result from the need to perform increasingly complex missions
in adverse weather and at night. The plethora of pilot aids for navigation, communica-
tions, weapons, survivability, and vision aids compete for attention and can add to the ‘
pilots' workload if not suitably integrated. Definition of meaningful handling-qualities
criteria must therefore consider all of the pilot's tasks involved in the mission flight
phase together with an integrated treatment of vehicle dynamics, flight control system
characteristics, cockpit controllers, displays and vision aids.

In many ways helicopters are much more complex than fixed-wing aircraft. The
inherent assymetry of single-rotor helicopters causes them to have several features that
complicate analysis and specification of handling qualities criteria; there is a strong
cross-coupling between longitudinal and lateral-directional responses, they are highly
nonlinear, and they inherently involve more than the classical rigid-body modes used to
represent the responses of conventional fixed-wing aircraft.

One form of cross-coupling manifests itself in the response to control (e.g., roll
due to pitch control and pitch and roll due to collective control). These couplings
cannot be eliminated by static considerations of control phasing since the cross-coupling :
is a function of the frequency content of the control input (Ref. 22). Another coupling
phenomena, related to the engine governing system results in coupling between the yaw
response and the rotor rpm control. This coupling is well described by Kucgynski et al.
(Ref. 23). Briefly, the situation occurs as follows: the engine fuel-control governor
senses 2 yaw rate as an rpm perturbation and tries to correct to the referenced value.
This changes the rotor torque, which has to be reacted through the fuselage. Depending
on the engine fuel-control system dynamics, the phasing can result in arplifying or
damping the fuselage yaw response.
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Nonlinearities occur both statically and dynamically. An example of static non-
linearity is the YAH-64 pitching moment due to sideslip. Increasing sideslip angles to
left of trim required increasing aft longitudinal control to trim, and sideslip to the
right required forward longitudinal control to trim. 1In addition, the trim required for
right sideslip varied in a nonlinear fashion with both the sideslip angle and with the
airspeed. This rather complicated pitch-to-sideslip coupling caused pilot coordination
problems in turning maneuvering flight, and was determined to be a shortcoming (Ref. 24).
An ex:mple of dynamic nonlinearity is discussed in the following section on longitudinal
dynamics.

Current perceptions of the threat leads to the doctrine of flying close to the
ground to take advantage of terrain masking. This is called nap-of-the-earth (NOE)
flight. Since it is desired to perform this flight phase not just in day visual condi-
tions but in poor weather and at night, some form of vision aid, such as a light intensi-
fication device, an infrared sensor, or a radar, will be required. Presentation of this
out-of-the-window view for the pilot can be through a helmet-mounted device or through a
panel-mounted display. In either case, it appears that symbology providing flight con-
trol information has to be provided to enhance the pilot's ability to perform his flying
task. Aiken and Merrill (Ref. 20) describe an investigation of how the symbology and
drive logic in a head-up format interact with the SCAS to influence the handling quali-
ties. Such considerations also need incorporating into a new military helicopter flying
qualities specification.

3. DISCUSSION OF TWO FUNDAMENTAL CRITERIA
3.1 Longitudinal Dynamics

Perhaps the most fundamental flying qualities requirement is longitudinal dynamic
response in forward flight (i.e., speeds above about 35 knots). Consider first the
various requirements from MIL-F-83300, MIL-H-8501A, and the UTTAS and AAH PIDS that seem
to be pertinent to this topic. Where these criteria can be transferred into graphic
form, they have been plotted on the MIL-F-83300 boundary of wpn ~ 2fwp (Pig. 1). The
MIL-H~8501A requirement for nz to be concave down within 2 sec has geen plotted using
the analysis provided by Seckel (Ref. 25).

»r W @ BO 106 FULLY COUPLED
00106 CONSTRAINED | .
MILHSS0I1A] VER  [MIL-F83300] L1 VFR A OM-8A  FULLY COUPLED :
A OH6A CONSTRANED
281 t=03
£: OH6A UNCOUPLED REE. 22
20F ’
]
-t
©
o ]
'IJL “‘A A” ‘: ° ° °
m
L Jurtasang | UTTASSAMIPOS 4, W
asnrDs - wusw
“n 1) / ( ’/
PR -
CONCAVE DOWN -
5 Sd o ST wn = VTR,
- e
40y 40, 90, 00
0! 1 — " . N N N N N L .
-5 3 10 15 2.0 28 EY) ET3 rry a5 T 7Y
Hwn
-ur Ty=Se

Ty=2

rig. 1. Longitudinal dynamic requirements.

The most obvious point for comment is that the MIL-H-8501A boundary is meant to
cover all oscillatory modes throughout the frequency range. This leaves the critical
short-term response essentially unspecified. MIL-F-83300 concentrates on the short-term
response and adds an outer limit that all other roots must be stable. The two PID8
provide a low-frequency boundary similar to, but not exactly the same as, the MIL-H-8501A
VPR boundary, but do add a short period "bullseye.” Superimposed on the figure are some
root locations for the OH-6A and BO-105 helicopters taken from Ref. 26. The low-
frequency roots of the BO-105 are unstable and do not meet any of the sketched require-
ments. However, as discussed in a paper by Pausder and Jordan (Ref. 27) and demonstrated
in many years of successful application, the BO-105 is indeed a satisfactory VFR aircraft.

Neither the BO-105 nor the On~6A meets the "bullseye” required by the UTTAS and AAH PIDS.
It is not at all clear to what extent this would make for an unacceptable response.

orp——
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Because of special helicopter idiosyncrasies, there are more subtle questions that
need to be addressed. First, consider the effect of cross-coupling. Helicopters have
significant cross-coupling between longitudinal and lateral directional responses so that
an arbitrary decoupling of longitudinal from lateral directional degrees of freedom may
or may not be valid when comparing roots for the boundaries. Both MIL-F~83300 and
MIL-H-8501A are ambiguous on this point, but the UTTAS and AAH PIDS both state that the
boundary refers to motions with controls fixed following the disturbance. This implies
that the longitudinal motions are being addressed with full coupling from whatever
lateral directional perturbations are developed. Heffley et al. (Ref. 26) performed an

‘analysis to determine the effect on dynamics of one axis while requlating the off-axis

motions with a simple pilot model. The fully coupled and fully constrained roots at

60 knots are shown for the OH~-6A and BO-105 in Fig. 1. Also shown are roots computed for
the OH-6A by using just the longitudinal equationa. For the high-frequency modes there
is a noticeable difference; however, it is probably not significant. For the low-
frequency (phugoid) roots there is a noticeable difference for the OH-6A but not the
BO-105. Since these low-frequency roots are very close to the boundary, a difference of
the magnitude shown for the OH-6A could result in being on the wrong side of the boundary
and may be significant for interpreting the requirements.

The second property of helicopter dynamics which must be considered is nonlinearity.
Tomlinson and Padfield (Ref. 28) describe results of a ground-based simulation to inves-
tigate helicopter agility. They describe nonlinearities in pitch response that are
quite significant with stiff hingeless rotors. The nonlinear effects are due to airspeed
changes that start to occur only a few seconds after the control input. Figure 2 is

taken from Ref., 28; it shows a time history of
normal acceleration and pitch rate for two rotors,
r sg.pwem A very stiff rotor, D2 (equivalent hinge offset
-1 based on flapping frequency e = 18%) and a much
-2 more flexible rotor, A2 (e = 3%). The vertical
scale is normalized by the size of pitch input and
2r scaled to the largest input case. Although there
are negligible differences in response character
with the soft rotor, with the stiff rotor the char-
acter changes dramatically after about 1.5 sec, a
sharper peak occurring much earlier with the
3o -0 larger inputs. Also, for the stiff rotor, the
A2 larger the input, the more the response departs
0 s A 47 — from being a rate type, and pilot appreciation of
pitch control would be expected to change. Linear
40[- sg.porcomt  theory will, of course, predict the type of
-1 response produced by the smaller inputs; hence,
g 02 2 handling-qualities criteria based on such analyt-
W - ical methods may be at variance with pilot opinion
5”‘ 5 of handling qualities during maneuvering tasks.
:

NORMAL ACCELERATION, g
8
&

-10
-10 In addition to these peculiarly helicopter
Az N s problems, there are many questions common to the
0 1 2 3 3 fixed~-wing community that must be considered; for
TIME, soc example, how to specify the level of augmentation
required, and provide guidelines for control
system synthesis, especially when forward loop-

3
S

Fig. 2. Response to different shaping is included so that the response to
levels of pitch control (from control is different from the response to distur-
Ref. 28). bances.

3.2 Roll-Control Effectiveness

Another extremely important and fundamental criteria which can have an effect on the
basic design of the helicopter is roll-control power or control effectiveness. Again, the
pertinent paragraphs from the four specifications - MIL-F-83300, MIL-H-850lA, and the
UTTAS and AAH PIDS — will be considered.

MIL-F-83300 specifies roll-control effectiveness in terms of the time to bank 30°.
The numbers were based on data generated for MIL-F-8785B and correspond to the flight
phase Category C (terminal flight phases such as approach, landing, and takeoff) for
small and medium-sized aircraft. This reflects the V/STOL emphasis in MIL-F-83300, since
V/STOLs, other than helicopters, are in the flight regime of interest only during landing
and takeoff. Helicopters, of course, perform most of their functions in this speed
regime and can require controllability quite different from simply landing or taking off.

MIL-H-8501A requires that at least 10% of the maximum attainable hovering control
effectiveness be available at all loading and flight conditicns. The hover criteria
specify a minimum bank angle to be achieved in 0.5 sec. The bank angle change is a func-
tion of weight; it is plotted in Fig. 3. Specifying the bank-angle change in such a
short time (0.5 sec) puts an overemphasis on the effect of lags and delays in the control
system and is very sensitive to the form of input, that is, the approximation to a per-
fect stap. A NASA study (Ref. 29) showed that 0.l-sec transport delay followed by 0.3-
sec ramp is a reasonable approximation to pilot input. After 1 sec, such an input
provides about 60% of the response that would be achieved following a perfect step. At
0.5 sec the difference would be even greater.
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The UTTAS PIDS has no explicit roll-
effectiveness criteria. It requires gearing and
delays to be satisfactory, and by virtue of the
pullup-pushover maneuver implies that some roll-
control power may be required at 0 g. This
assumption may not be true, because although the
use of control to maintain bank angle within
limits is not explicitly required or forbidden for
the UTTAS, for the AAH, the same bank-angle limits
are imposed during the pullup-pushover maneuver,
but this time to be achieved with roll-control
fixed.

The AAH PIDS defines a minimum gearing or
sensitivity value (13°/sec/in.) and demands
linearity. If the control travel is the typical
*3 to 5 in., linearity would achieve at least
40°/sec. "Response time" is required to be 0.7 to

70,000 : 20,000 — 1.1 sec. Response time probably refers to the
WEIGHT, b roll time-constant; if so, the numbers are ques~
tionable, since the BO~105 and OH-6A have roll
Fig. 3. MIL-H-8501A hover time-constants of 0.1 and 0.2 sec, respectively.
roll control effectiveness
requirement. The MIL-H-8501A requirement that 10% hover
control effectiveness be available for overcoming
gusts and upsets and for maneuvering would seem
to be insufficient. However, despite past pleas for documented control usage (Ref. 30),
there is, unfortunately, still ljttle hard data on exactly what is required. Experi-
menters occasionally specify the maximum available control power, for example, in terms
of Lsa SAMAX. but seldom give data on how much was actually used during the maneuvers
investigated. An ideal form of data presentation is probability density plots, but this
format is cumbersome and there is the question of how much the low usage tails can be cut
off. A recent X-22A report (Ref. 31) shows that the maximum control really needed by
the pilot correlated very well with the 3 sigma value.

Clearly, mission flight phase has a large effect on the control power required to
manuever. The study by Tomlinson and Padfield (Ref. 28) referred to earlier showed that
response to roll control for the configurations investigated was typically set at a
value that allowed a 30° bank angle to be achieved in 1.5 sec with 1.0 in. of control
deflection. Control travel was :5 in.; extrapolating to full control input shows that
time to bank 30° would be between 0.5 and 0.7 sec for the more linear configurations.

One confiquration required as long as 2.4 sec to bank 30° with 1.0 in. of stick, and this
was rated as having barely sufficient control.

Figure 4 shows a plot of control effectiveness boundaries on a scale of control
power L&a Samax. and control sensitivity Lgp, versus roll time-constant 1tg. This
modified plot was taken from the MIL-F-83300 BIUG (Ref. 11), for which the original plot
was obtained from a Princeton (Ref. 33) simulation of carrier landing approach. The
t3g lines were computed using a single degree of freedom approximation, and a 0.2-sec
ramp control input. Plotted on the figure are the Lg§a éamMax ~ T values for the BO-105
and OH-6A (constant for the speed range 40 to 80 knots; taken from Ref. 26). Also shown
is the range of "response time" that is specified in the AAH PIDS. Clearly, much work
needs to be done toward specifying this important parameter for helicopter missions.

4. PLANS FOR UPDATE 8501

The Army and Navy have initiated a systematic effort to develop a new general spec-
ification for the handling qualities of military rotorcraft. The effort will build upon
the ideas, technigues, and technology developed by the fixed-wing community, as well as
utilize the available experience with current helicopter specifications and V/STOL
criteria. The existing data base will be used to the maximum extent possible and supple-
mented by new data obtained under the auspices of this and related projects. Specific
programs developing new data bases for this purpose are being performed by the Army Aero-
mechanics Laboratory and by NASA at Ames Research Center, and by the Navy at NADC,
Warminster. The primary effort of developing the specification revision will be per-
formed under contract, proposals for which are currently under evaluation; a contract
award is planned for August 1982.

Rotorcraft to be covered must include conventional single and tandem rotor-
helicopters and, to the maximum extent possible, high-speed rotorcraft such as compound
(e.g., Lockheed AH-536A) and novel configurations (e.g., Bell XV-15 Tilt Rotor and the
Sikorsky XH-539A ABC). This is a joint Army/Navy program, and the resulting specifica-
tion must address the mission requirements of both services. The contracted effort will
be directed by the Army Aviation Research and Development Command (AVRADCOM), technical
responsibility being shared between the Aeromechanics (AL) (Research and Technology
Laboratories) and the Directorate for Development and Qualification (D and Q). Contri-
butions to the program will also be made by NASA, the USAF and the FAA; a Technical
Committee has been formed to coordinate all these inputs.
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Fig. 4. Roll control effectiveness boundaries (from Refs. 11 and 33).

Contractor efforts will consist of analysis and evaluation. Access will be provided
to Army/Navy (Marine) aviation users for mission task analysis and possibly for flight
test and simulation demonstration and evaluation.

The contracted effort will be divided into two Phases: Phase 1 will involve devel-
oping a specification structure, incorporating existing data-base/criteria into that
structure, and defining critical gaps and possible ways for addressing these gaps.

Phase 2 will extend the effort by finalizing the structure, incorporating any new data
aid criteria, and producing a proposed specification and background document. This will
then be distributed for govermment and industry review, and the comments will be reworked
into a final military specification and BIUG that can be submitted for adoption.

The proposed schedule is shown in Fig. 5. In phase one the contractor will perform
studies and analysis to develop a specification structure that adequately addresses the
following considerations:

1. Rotorcraft types and roles, including high-speed rotorcraft and compounds.
2. Levels of flying qualities

3. PFlight envelopes

4. Systematic treatment of failures and reliability

5. Categorization cof mission flight phases

6. Flight phase enviromment, including day, night, visibility, altitude, terrain .
nature, and atmospheric disturbances ¢

7. Controllers (including side-stick controllers), displays and vision aids

Migsions for Army/Navy rotorcraft will be analyzed to determine and characterise
those flight phases which may have a design impact. Army missions will include those of
the Scout, Attack, Utility, and Cargo types; Navy missions will include ASW, Marine
Attack/Assault, Vertical Replenishment, and Ship-to-Shore Cargo, with particular emphasis
on shipboard launch and recovery. A method must be developed and applied to define and
quantify these flight phases and their constituent tasks. The form developed must be
useful for handling qualities criteria development and definition, and must be compatible
with the proposed specification structure.

It will be necessary to develop and use analytical techniques such as closed-loop |
analysis, pilot model analysis, and equivalent system representation to characterize the
pilot, the rotorcraft and the pilot/rotorcraft interface. These characterizations must

)
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be capable of quantitative representation of the pilot/rotorcraft while performing the
flight phase tasks of interest. The rotorcraft representation will include higher order
and nonlinear effects, such as rotor dynamics, control system modeling, engine-rotor
interactions, and interaxis coupling, with a sufficient level of detail to address
effects which, for the flight phase tasks being considered, could influence the pilot's
workload or task performance. Some important topics will no doubt require further
development to become useful tools in criteria development or specification (e.g., low
altitude atmospheric disturbance models, terrain models and pilot models). These will be
defined and prioritized in sufficient detail to allow dQefinition of the problem areas for
independent study efforts or research contracts.

The criteria in existing specifications will be reviewed to determine the extent to
which they can be verified and supported utilizing the available data base. New or
improved criteria will also be developed to the maximum extent possible. After defining
what criteria are valid, and for what situations, they will be incorporated into the new
structure., This effort must recognize the fact that different characteristics will be
required for different mission flight phagse tasks and mission environment conditions.
Priority will be placed on defining criteria for circumscribing characteristics that may
have a significant effect early in a helicopter design process. Where possible, Level 1,
Level 2, and Level 3 boundaries will be defined (in this context, the Levels refer to
Levels of Flying Qualities as defined in MIL-F-8785B) (Ref. 10). Once the existing data
base has been used to the maximum extent, the topics not adequately covered will be
defined and prioritized. Of high concern to the Army are criteria related to agility and
maneuverability, especially in day conditions with relatively unlimited visibility, and
) to night precision tasks such as NOE hover, unmask, and weapon firing; the Navy is par-

' ticularly concerned with shipboard launch and recovery. It is expected that significant
shortcomings or complete voids will be found in the existing flying qualities data base.
The contractor will be expected to outline experiments to generate new data to address
some carefully selected critical issues.

The structure and criteria developed will be presented in the form of a draft
military specification. 1In preparing the draft specification, the following guidelines
will be observed:

1. The requirements should not inhibit the designer in choosing a design approach
for satisfying the mission requirements.

2. The requirements shall be in such a form that some means of demonstrating com-
pliance (e.g., through analysis, simulation, or flight test) can be defined.

3. The specification should be as complete as possible so that ideally it sets
forth requirements that are individually necessary and that together form a sufficient
set to assure the required level of flying qualities.

As part of the effort to revise MIL-F-8785 and in the development of MIL-F-83300,
supplementary background documents were prepared which contained background information
and guidance for the specification user, together with substantiation data for the
individual requirements. These documents have been well received by the airframe com-
panies and the govermnment organizations responsible for applying the specification
requirements, and similar documents will be required for the MIL-H-8501B effort.

P e ~
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5. CONCLUSIONS

Operational experience over many years suggests that current specifications provide
guidance that will provide flight safety in benign VFR conditions and with modest flight
tasks. Current missions involving operations in poor weather and at night, NOE flight
while avoiding threats and possibly engaging in air-to-air combat, and extended condj-
tions for shipboard launch and recovery, will require much more rigorous capabilities.
New requirements need to be developed, and, to ensure that they do not get imposed unnec-
essarily, a format must be used that distinguishes those helicopters that must meet the
requirement from those that do not need to.

Many operational missions require special displays and vision aids so these charac-
teristics must be included in a flying-qualities specification along with the vehicle
stability and control characteristics and controller characteristics.

Current specifications provide rather sparse coverage so that some topics are not
addressed at all, and gsome very basic topics are covered rather poorly. For example, the
longitudinal dynamic response requirement in MIL-H-8501A covers low-frequency oscilla-
tions but does not address the important short-term response. Boundaries have been added
in the UTTAS and AAH PIDS to attempt to address this but the resulting boundary is ques-
tionable. No attempt whatsoever has yet been made to cover higher-order effects such as
nonlinearities and cross-coupling. The requirement for roll-control effectiveness, which
could have a major effect on the design of the rotor system, needs much more work to
establish a data base for a substantial regquirement.

A new program has been initiated by the Army and Navy to update the helicopter spec-
ification. The plan is to develop a new structure, develop and incorporate requirements
to the extent that they can be substantiated and, after performing a coordination review
with industry, promulgate a new specification. Undoubtedly, many topics will be identi-
fied that have not been adequately covered, so the critical gaps will be identified and
given emphasis in the ongoing R&D data-base generation efforts.

P p——

6. REFERENCES

1. General Requirement for Helicopter Flying and Ground Handling Qualities. Military
Specification MIL-H-8501A, 7 Sept. 1961. 5

2. Ashkenas, I. L.; and Walton, R. P.: Analytical Review of Military Helicopter
Flying Qualities. Technical Report No. 143-1, Systems Technology, Inc.,
Hawthorne, Calif. Aug. 1967.

[T

3. Bailes, E. E. et al.: Instrument Flight Rules Capability Evaluation CH-45B (TARHE)
Helicopter. Final Report USAASTA Project No. 71-01, Dec. 1972. .4

Laing, E. J. et al.: Airworthiness and Flight Characteristics Test Production
OH-58A Helicopter Unarmed and Armed with XM 27El1 Armament Subsystem., Final
Report USAASTA Project No. 68-30 Oct. 1970.

Winn, A. L.: 1Instrument Flight Evaluation OH-6A Helicopter — Part I. Final Report
USAASTA Project No. 72-06, Nov, 1973,

Systems Specification for UTTAS No. AMC-SS-2222-01000, Dec. 1971.

Systems Specification for Advanced Attack Helicopter, No. AMC-SS-AAH-10000A,
July 1973, 1

AHIP Specification. Contract No. DAAKS0-81-R-005, Attachment 2 of Request for
Proposal.

Flying Qualities of Piloted V/STOL Aircraft. Military Specification MIL-P-83300,
31 Dec. 1970.

Flying Qualities of Piloted Airplanes. Military Specification MIL-F-8785B(ASG), Yy
7 Aug. 1969. '

Chalk, C. R, et al.: Background Information and User Guide for MIL-F-83300 -
Military Specification — Plying Qualities of Piloted V/STOL Aircraft.
AFFDL TR-70-88, Mar. 1971.

Chalk, C. R. et al.: Background Information and User Guide for MIL-F-8785B(ASG) -
Military Specification — Flying Qualities of Piloted Airplanes. AFFDL-TR-69-72, ¥
Aug. 1969.

Green, D. L.: A Review of MIL-P-83300 for Helicopter Applications. American
Helicopter Society Preprint 643, May 1972,

Key, D. L.: A Critigue of Handling Qualities Specifications for U.S. Military
Helicopters. AIAA Paper 80-1542, Aug. 1980.

Prime Item Development Specification for Utility Tactical Transport Aircraft
System. Specification No. DARCOM-CP-2222-S81000C.



http://www.abbottaerospace.com/technical-library

R e e

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32,

33.

System Specification for Advanced Attack Helicopter, No. AMC-SS-AAH-H10000A,
Oct. 1976.

Recommendations for V/STOL Handling Qualities. NATO AGARD Report 408, Oct. 1962.

V/STOL Handling. Part I: Criteria and Discussion; Part II: Documentation. NATO
AGARD Report 577, June 1973.

Curry, P. R.; and Matthews, J. T.: Suggested Requirements for V/STOL Flying Qual-
ities, USAAML TR 65-45 RTM 37, June 1965.

Aiken, E. W.; and Merrill, R. K.: Results of Simulator Investigation of Control
System and Display Variations for an Attack Helicopter Mission. AHS Preprint
80-28, May 1980.

Proceedings of the Navy/NASA Flying Qualities Workshop held at Naval Postgraduate
School, Monterey, Calif., Apr. 1977.

White, F.; and Blake, B. B.: An Improved Method of Predicting Helicopter Control
Response and Gust Sensitivity. AHS Preprint 79-25, May 1979.

Kuczynski, W. A. et al.: The Influence of Engine/Fuel Control Design in Helicopter
Dynamics and Handling Qualities. AHS Preprint 79-27, May 1979.

Stewart, R. L. et al.: Development Test One., Advanced Attack Helicopter Competi-
tive Evaluation. Hughes YAH~64 Helicopter. Final Report USAAEFA. Project
No. 74-07-2, Dec. 1976.

Seckel, E.: Stability and Control of Airplanes and Helicopters. Academic Press,
NY and London, 1964.

Heffley, R. K. et al.: A Compilation and Analysis of Helicopter Handling Qualities
Data. Vol. l: Data Compilation, NASA CR-3144, 1979; Vol. 2: Data Analysis.
NASA CR-3145, 1979.

Pausder, H-J; and Jordan, D.: Handling Qualities Evaluation of Helicopters with
Different Stability and Control Characteristics. Paper No. 6, First European
Rotorcraft and Powered Lift Aircraft Forum, Sept. 1975,

Tomlinson, B. N.; and Padfield, G. D.: Piloted Simulation Studies of Helicopter
Agility. Vertica, vol. 4, 1980, pp. 79-106.

Innis, R. C.; Holzhauser, C. A.; and Quigley, H. C.: Airworthiness Considerations
for STOL Aircraft. NASA TN D-5594, Jan. 1970.

Chalk, C. R.; and Key, D. L.: Experimental Design and Data Acquisition for VSTOL
Flying Qualities Simulations. SAE Paper 690695, SAE National Aeronautics and
Space Engineering Meeting, Oct. 1969.

Radford, R. C.; Andrisani, D.; and Beilman, J. L.: An Experimental Investigation
of VTOL Flying Qualities Requirements for Shipboard Landings. NADC Report
77318-60, Aug. 1981.

Siegel, E.: Stability and Control Data Summary for Single-Rotor Helicopter,
Hughes OH-6A. Hughes Helicopter Company Report No. 369-V-8010, Apr. 197S5.

Seckel, E.; Miller, G. E.; and Nixon, W. B.: Lateral-Directional Flying Qualities
for Power Approach. Princeton University Report No. 727, Sept. 1966.



http://www.abbottaerospace.com/technical-library

L'IMPACT DE LA CAG (Comnande Automatique Généralisée) (*)

SUR LES QUALITES DE VOL DES HELICOPTERES

Marcel KRETZ
Ingénieur en Chef
Giravions Dorand Industries
92151 Suresnes, France

RESUME

Au cours des années 1970 - 1980, un changement notable est intervenu dans les moyens envisagés pour
contrdler les conditions de fonctionnement d'un rotor d'hélicoptére. S'inspirant par sa technique et sa
philosophie de base de la CAG des voilures fixes, la nouveauté consiste a contr8ler les phénoménes dyna-
miques ({vibrations, instabilités) et aérodynamiques (décrochage, interactions, rafales) dans la bande des
fréquences nettement plus élevées que la bande utilisée par le pilote automatique, couvrant les fréquences
s'étendant jusqu'a 30 Hz au moins. Simultanément, 1'évolution des hélicoptéres militaires a créé des exi-
gences nouvelles concernant les qualités de vol, et dont on peut trouver l'origine dans : 1'augmentation
de la charge sur le disque, l'arrivée des formules nouvelles des appareils a voilures tournantes (rotor
basculant, ABC, X-Wing, rotor stoppable et escamotable) et l'élargissement du domaine de vol (p plus élevé,
Cz,,, Plus élevé). La communication contient une analyse de l'impact que risque d'exercer la CAG sur les
qual¥tés de vol et une discussion des avantages que son introduction peut procurer. En conclusion, les
limitations des commandrs :Ctuelles, provenant du plateau monocyclique, seront dans l'avenir repoussées
grdce aux commandes nou..lies, orientées vers des systémes optimisés, auto-adaptatifs a boucles multiples,
permettant un degré supérieur d'optimisation des qualités de vol.

1. - INTRODUCTION

La derniére décade a vu un changement considérable en préparation dans le domaine de la commande
des hélicoptéres. Un effort, inspiré par la CAG des voilures fixes, est fait pour élargir la bande passante
d'entrée afin de pouvoir contrSler les phénoménes dynamiques et aérodyr.amigues bien au-deld du domaine du
pilotage monocycligue que le plateau cyclique classique autorise (Réfs. 1 a 6). Malgré le fait que les
objectifs de cette nouvelle technique demandent la réduction des vibrations, 1l'élimination du décrochage,
1'absorption des interférences aérodynamiques, la suppression des perturbations atmosphériques et 1l'intro-
duction de la stabilité artificielle (Fig. 1), 1l'impact sur les qualités de vol risque d'étre considérable
et ouvre des possibilités nouvelles aux améliorations des qualités de pilotage des hélicoptéres actuels.
Nous assisterons dans l'avenir, non seulement a l'extension du domaine de vol, mais aussi a l'allégement
de la tiche du pilote par 1'introduction des boucles internes, travaillant indépendamment pour améliorer
les réponses dynamiques de 1'hélicoptére et pour éviter les effets nuisibles des couplages entre les
degrés de liberté. En ayant cette évolution des commandes en mémoire, rappelons que 1'hélicoptére moderne,
en comparaison avec ceux volant il y a dix ans, présente des tendances de définition nouvelles et certains
changements de l: J - .:ine opérationnelle rendant les problémes de qualités de vol nettement plus sévéres.
Nous pouvons distingyuer cing tendances :

® La charge sur le disque a presque doublé au cours des derniers dix A quinze ans, entrainant,en conséquen-
ce,l'augmentation du niveau énergétique du sillage et provoquant, & son tour, des distorsions plus
élevées des charges aérodynamiques et une dissipation considérable de puissance (Réfs. 7 et 8).

@ La mission du vol en rase-mottes (NOE) a été adoptée pour assurer une relative sécurité gréce a 1l'effet
de masque des accidents de terrain et est devenue particuliérement exigeante en ce qui concerne les
qualités de vol des hélicoptéres militaires modernes.

® En réponse 3 la demande de missions de plus en plus difficiles, l'industrie propose des ADAV d'avant-
garde, caractérisés par l'adjonction des ailes, par le basculement des rotors, par l'addition des moyens
de propulsion auxiliaires (ABC), par l'arrét du ou des rotors, (X-Wing, Tilt Rotor), par l'arrét et
1'escamotage du rotor (Réf. 9). Ces concepts nouveaux, structuralement et fonctionnellement plus com-
plexes, introduisent, en outre, la transition et nécessitent un effort important d'allégement des tiches
du pilote.

@ Corrélativement, 1'expansion du domaine de vol de 1'hélicoptére classique est devenue une exigence
prioritaire. Pour atteindre des paramétres d'avancement (P ) et des coefficients de portance (Czpoy)
les plus élevés possibles, l'hélicoptére actuel fonctionne et manceuvre aux frontiéres et souvent au-dela
des frontiéres d'accessibilité (Réf. 13). La CAG permet dans de tels cas d'assouplir les contraintes
existantes et de rendre la manceuvre possible dans des situations autrement interdites.

En conséquence, une tendance générale est née de dépasser les limitations classiques de 1'hélicoptére pour
élargir ainsi son domaine de vol (Réfs. 1, 2 et 4), t

@ L'avantage principal de la CAG, introduit sur les voilures tournantes, permet de procéder A un degré
supérieur de l'optimisation des conditions de fonctionnement de 1'hélicoptére. Cette optimisation est
obtenue par la détection des conditions de fonctionnement et de charge, par le traitement adéquat de
cette information et, finalement, par l'utilisation du signal résultant dans la boucle de retour de la
commande classique ou nouvelle en vue de l'amélioration du comportement dynamique de 1'appareil, Fig.2.
La référence S donne un certain nombre d'exemples spécifiques de 1'application de cette technique.

*) pOR ENGLISH VERSION SEE PAGE 4.
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Objectif: ELARGISSEMENT DE L' ENVELOPPE DE VOL

1
ORIENTATIONS DES RECHERCHES

Asservissement des forces instationnaires Stabilité artificielle
ELIMINATION
. . DES INSTABILITES :
Action instantanée Pilotage multicyclique
ELIMINATION DE : REDUCTION DE:
® Décrochage @® Vibrations @ Cz élevé (facteur de churge)
® Compreasibilité ® Charge dans les
commandes ® p élevé (vitesse)
® Rafales, Perturbations ® Contraintes dans
R les pales ) Couplages mécaniques et
& Interactions aéroélastiques .

® Puissance installée

Fig. 1 - La CAG des rotors d'hélicoptére

Remarquons ici que, dans la recherche des performances supérieures de la manoeuvrabilité et de la mania-
bilité de 1'hélicoptére, la théorie de la commande optimale, utilisant les filtres de Kalman, montre une

igrande utilité (Réf. 14). Cette approche est rendue d'autant plus facile que la découverte de la matrice
de transfert du rotor a fourni un modéle analytique particuliérement simple (Réf. 15).

Dans cette communication, nous nous concentrerons pour étudier l'étendue de 1'impact de la CAG sur les
qualités de vol des hélicoptéres et mentionnerons des critéres gui permettront la qualification des solu-
tions nouvelles envisagées.

2. - LES LIMITATINNS DES COMMANDES ACTUELLES DE L'HELICOPTERE

La commande classique de l'hélicoptére-utilise le plateau cyclique créant une variation monocyclique
du pas de pales. La position du plateau cyclique peut étre modifiée librement par le pilote ou par
le pilote automatique. Ce systéme introduit une double limitation :

[ d'une part, les variations du pas sont pratiquement limitées & des variations une fois par tour
du rotor.

[} Qd'autre part, les variations de pas de toutes les pales sont ériodiquement les mémes a3 cause du
couplage mécanique provenant du plateau cyclique.

Les références 1, 2 et 4 montrent comment ces limitations peuvent étre éliminées. Il sera donc
possible dans 1'avenir d'introduire le pilotage multicyclique pour réduire les vibrations et utiliser
un concept nouveau, commande individuelle de la pale, pour éviter le décrochage et créer la stabilité
artificielle.

La CAG s'oriente, en plus, vers des solutions encore plus révolutionnaires comprenant 1'élimination
du plateau cyclique et l'installation des vérins électrohydrauliques dans la partie tournante de la
téte du rotor.

Toutefois, dans 1'immédiat, la CAG comprend le plateau cyclique et la cinématique classique. Le
pilotage multicyclique et la commande individuelle de la pale s'introduiront grice aux oscillations
imposées i la partie non-tournante du plateau cyclique.

3. - APPLICATION DE LA CAG AUX VOILURES TOURNANTES

Les dispositifs de CAG projetés au cours des années 70 représentent des systémes comprenant les
pilotes automatiques et des augmentateurs de stabilité d'origine plus ancienne. Les nouveaux dis-
positifs ont un champ d'application nettement plus large et sont caractérisés par une bande passante
supérieure a 30 Hz. Le tr.itement de l'information captée est plus élaboré, plus sophistiqué, agit

a 1'insu du pilote pour remplir des tiches hors des aptitudes du pilote ou des tiches soulaaeant

son travail.

A la base, la technologie de la CAG, telle qu'elle est envisagée sur les hélicoptéres, ne différe
pas de celle appliquée aux voilures fixes : la théorie, les approches analytiques, la technique des
calculateurs numériques et des vérins 3 large bande passante, les commandes électriques ou par
fibres optiques, sont analogues i celles des avions. La différence caractéristique provient du fait
que les phénoménes intéressant les rotors sont périodiques et peuvent étre décrits par un systéme
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d'équations différentielles linéaires dont les coefficients sont, toutefois, périodiques (variables
avec le temps)}. Ce fait introduit un certain degré de souplesse dans le traitement analytique de la
dynamique du rotor avec la possibilité de procéder par itérations, tout par tour, pour atteindre
progressivement un état optimisé satisfaisant aux critéres de performance prédéterminés. Plus par-
ticuliérement, la découverte de la matrice de transfert du rotor fournit une relation trés simple
entre les coefficients de Fourier caractérisant les signaux d'entrée et de sortie, Cette matrice de
transfert constitue un modéle analytique trés pratique dans les applications de la théorie de la
commande optimale stochastique, Réfs 14 et 15. Ainsi, des moyens analytiques trés puissants sont
disponibles dans la recherche des qualités de vol supérieures, au moment ol la demande s'y fait
sentir de plus en plus pressante.

ASSERVISSEMENT ANTI-DECROCHAGE, UN EXEMPLE D'APPLICATION DE LA CAG

L'application de la CAG aux rotors d'hélicoptéres, Fig.)l, montre un caractére multidirectionnel,

trés varié par ses objectifs. L'impact sur les qualités de vol se ressentira donc sur les niveaux
différents avec un degré d'influence différent. Les dispositifs signalés sont actuellement dans leur
phase de recherche et une revue exhaustive semble encore prématurée. Nous allons donc prendre un
exemple dont 1'influence sur les qualités de vol nous semble la plus importante et nous analyserons
un asservissement basé sur la commande individuelle de la pale pour éviter le décrochage de la pale
reculante, asservissement anti-décrochage. Nous prendrons l'élimination du décrochage comme cas
typique d'application de la CAG et montrerons l'impact que ce concept peut avoir sur les qualités

de vol de 1'hélicoptére. Ce concept, actuellement expérimenté en soufflerie, Réf, 6, est capable
d'améliorer considérablement les qualités de manoeuvre grice i 1'économie de puissance qu'il peut
apporter. Son idée de base est simple et consiste en la réduction du pas de la pale lorsque le
coefficient de portance local C, atteint des valeurs avoisinant le décrochage. La figure 3 montre un
cas bi-dimensionnel, qui peut &tre facilement étendu au cas tri-dimensionnel. Sur la figure 3 nous
remarquons que pour le méme Cz = 1,1, la trainée varie dans le rapport 1 a 10. Aussi, pour des raisons
de simplicité de la démonstration, nous admettrons des variations quasi-statiques de la portance et de
la trafnée. Considérons deux cas de vol identiques, différant uniquement par la maniére d'obtention
de la portance. Le premier cas est classique, le second réalise la méme variation de la portance sans
décrochage, grice a un contrdle adéquat de l'angle d'attaque maintenant le point de fonctionnement
sur la partie linéaire de la caractéristique de Cz. Il devient alors évident que nous réaliserons
une économie de puissance dans le second cas. Une telle économie de puissance a été démontrée expé-
rimentalement au cours des essais récents en soufflerie. Dans ce cas typique, le gain énergétique
atteint 8% pour P = 0,3 et Cgpoy = 0,6, Fig. 4. L'étude théorique d'un cas analogue : § = 0,3,
CZpoy = 0,615, a montré un gain Xe puissance de 10% accompagné d'un gain possible de portance de 5%,
Fig. 5. Aux grandes vitesses, les gains de puissance et de portance permettront d'augmenter la marge
entre la puissance en palier et la puissance maximale disponible avec effet bénéfique pour 1'exécu-
tion des manoeuvres lentes, a facteur de charge élevé. La figure 6, reproduite de la Réf. 13, montre
la variation de l'angle d'attaque local, & 80% du rayon de la pale. Méme dans les cas aussi extrémes,
le décrochage peut étre évité grice a4 la commande active et apporter une marge énergétique nettement
supérieure. Les limitations dues au décrochage peuvent &tre surmontées en apportant 1'augmentation
de la manoeuvrabilité de l'appareil. Plus particuliérement, la zone des "pertes dues au décrochage",
qui figure sur la figure 7, correspond au point, ol les effets dis au décrochage deviennent signi-
ficatifs. Les conditions de vol dans cette zone montrent un accroissement rapide de la puissance
demandée et, sur certains types de rotor, des contraintes élevées dans les pales, le flottement des
pales, des problémes de perte de contrfle., Cette zone définit par ailleurs, le point de référence
limite en Czp,, pour des manoeuvres lentes au-deld duquel les besoins en puissance installée
deviennent excessifs, Réf. 13. Il est possible de déplacer cette zone vers la limite extréme "limite
aérodynamique de Czpoy"r liée au Czp,, du profil de pale, avec 1l'avantage de 1'augmentation de la
marge de puissance disponible et de l1'élimination du flottement des pales.

D'aprés la figure 1, l'élimination du décrochage représente une des multiples possibilités de la CAG,
capables d'apporter des avantages substantiels en améliorant les performances dynamiques de 1'hélji-
coptére. Parmi les diverses boucles d'asservissement signalées, 1'asservissement anti-décrochage
exercera une influence prépondérante sur les qualités de vol grlce & 1'apport d'une marge énergétique
nettement plus élevée.

Nous examinerons ensuite dans gquelle mesure l'introduction de la CAG peut modifier les critéres de
pilotage.

L' IMPACT DE LA CAG SUR LES QUALITES DE VOL

L'introduction de la CAG ne semble ni apporter, ni nécessiter des modifications des critéres déja
existants ou des approches utilisées pour leur établissement. Toutefois, nous pensons que la théorie
moderne de la commande optimale stochastique utilisant des filtres de Kalman ou des algorithmes
équivalents rendra d'une part, 1l'analyse des qualités de vol plus approfondie et, d'autre part, plus
objective.

L'optimisation utilise une fonction de cofit qui fournit la base pour notre jugement. Les matrices de
pondération constituent la partie arbitraire, subjective des contraintes, fruit d'une expérience
passée. Une fois définies, les matrices nous donnent un paramétre de qualité instantanée, caractéri-
gant simultanément 1‘'appareil, la commande et le pilote. Dans ce cas, les critéres deviennent un seul
critére, résultat pondéré de tous les critéres dont nous disposons quantitativement.

La performance ne forme pas, toutefois, le seul facteur qui qualifie 1'appareil. Il est indispensable,
en outre, de prendre en compte l'effort fourni par le pilote pour accomplir cette performance. Nous
somme amenés ainsi A revenir A la procédure de quotation du pilote ou A établir un modéle analytique
du pilote humain tenant compte des effets de fatigue et de la dégradation de la performance du pilote
en fonction aussi bien de la durée que de la difficulté de sa téche.
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Si aucune solution globale ne pointe encore a l'horizon, nous pouvons raisonnablement nous attendre
4 1'amélioration de la compréhension des phénoménes fondamentaux et du traitement analytique des
problémes complexes de 1'opérateur humain, amélioration que 1'application de la CAG apporterait au
cours de la prochaine décade.

6. - CONCLUSION

En conclusion, les limitations de l'hélicoptére actuel seront dépassées dans 1'avenir grice aux
systémes nouveaux, orientés vers les commandes automatiques généralisées, caractérisées par des
agservissements & boucles multiples, optinisées et auto-adaptatives, qui permettront, i leur tour,
une optimisation a un niveau plus élevé, des qualités de vol. Parmi les multiples asservissements
envisagés, 1'asservissement anti-décrochage constitue le systdme dont 1'impact sera le plus prononcé
sur les qualités de vol. Ses effets bénéfiques s'exerceront sur la marge de puissance grice & un
excés énergétique que 1'élimination du décrochage peut apporter.

La recherche concernant la CAG est caractérisée par un vaste champ d'application, mais demande un
effort considérable de développement pour s'intégrer aux hélicoptéres opérationnels,

7. - REFERENCES (Voir page 7 )

THE IMPACT OF ACTIVE CONTROL ON
HELICOPTER HANDLING QUALITIES

Marcel KRETZ
Chief Engineer
Giravions Dorand Industries
92150 Suresnes, France

ABSTRACT

Notable changes have occurred during the last decade in the concepts envisaged for controlling the working
conditions of helicopter rotors. New trends, prompted by the techniques of active control applied to fixed
wings, are oriented towards the automatic control of dynamic phenomena (vibration, instability) and aero-
dynamic phenomena (stall effects, interaction, gusting). These new trends feature frequency responsss much
wider than those of conventional autopilots, extending up to 30 Hz. At the same time, contemporary
military helicopter design has become much more demanding with regard to handling qualities : higher disk
loading, NOE mission requirement, advent of advanced rotor aircraft coucepts (tilt rotor, ABC, X-wing,
Stoppable and stowable rotors) and a general broadening of the flight envelope (higher y and higher CL)'

The paper analyzes the impact of active control on handling qualities and discusses the benefits that may
be reaped from their implementation. In conclusion, present-day control system limitations dus to the use
of monocyclic swashplate principles will have to be removed in the future by unconventional control
systems based on multiloop self-adaptive control resulting in higher-order optimization of handling

qualities,
1. - INTRODUCTION

The last decade has witnessed the preparation of major developments in helicopter rotor control.
Prompted by the techniques of active control applied to fixed wings, designers have attempted to widen
frequency responses to encompass control dynamic and aerodynamic phenomena far beyond the monocyclic
capabilities of the conventional helicopter rotor swashplate (Refs. 1 through 6). Although the wmain goals
of these new techniques include reduced vibration, the elimination of stall conditions, the absorption of
aerodynamic interference, the elimination of external disturbance and the iwmplementation of artificial
stability (Fig. 1), their impact on handling quality will be considerable, providing new opportunity to
uprate the flying qualities of present helicopters. In the future, we shall not only see extended flight
envelopes but also simplification of the pilot's task by the introduction of inner independently operating
loops improving the dynamic response of the helicopter and eliminating the prejudicial effects of response
coupling. While considering this development of flight control techniques, it should be borne in mind that
today's operational doctrines compared with those of the past raise much more severe handling problems.
Five distinct areas of development tendencies may be identiffed :

@ Disk loading has nearly doubled over the last ten years, with a subsequent increase in rotor-wake power
levels producing in turn higher air load and power dissipation distortion (Refs. 7 and 8).
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Objective : EXPANSION OF FLIGHT ENVELOPE
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Figure 1 - ACTIVE CONTROL OF HELICOPTER ROTORS

® The nap-of-the-earth (NOE) mission, adopted to take advantage of the relative protection afforded by
terrain masking, is highly demanding in maneuverability of present-day military helicopters (Refs. 10,
il and 12).

@ In order to meet these ever-increasing operational requirements, advanced VIOL rotor concepts appeared :
the addition of fixed wings, tilting rotors, addition of auxiliary propulsion (ABC), rotor stopping in
flight (the X-wing and tilt-rotor), rotor stopping and stowage in flight (Ref. 9). Moreover, these
concepts requiring greater structural and functional complexity involve transition flight conditions
making it essential to alleviate the pilot's task.

@ At the sawme time, extension of the pure helicopter flight envelope constitutes a high~priority require-
ment. Striving towards higher advance ratios (u) and higher blade loading (C ), the modern helicopter
is operating and maneuvering on and sometimes beyond the boundaries of acceas&bility areas (Ref. 13).
Here again, active control can relieve natural constraints, rendering a particular maneuver acceptable
in otherwise unacceptable situations. Consequently, there is a general tendency to relax present-day
helicopter limitations and broaden the flight envelope (Refs. 1, 2 and 4).

@ The prime advantage of active control as applied to rotary wings is the higher-order optimization of
helicopter working conditions. Such optimization is achieved essentially by sensing the helicopter
working and loading status, processing the resulting information in an appropriate msnner and then
feeding 1t back to a conventional or unconventional control system for improving the dynamic behavior of
the craft (Fig. 2). Ref. 5 gives specific examples of the application of these techniques to rotary
wings. It should be mentioned here that Kalman's optimal estimation theory is extremely valuable in the
quest for the improved handling qualities of helicopters (Ref. 14). This was made possible by the
development of an extremely simple analytical model of the rotor : the rotor transfer matrix (Ref, 15).

This paper concentrates more particularly on the extent of the impact that feedback may have on
the handling qualities of future helicopters and mentions additional criteria that could help in the
evaluation of new technical propositions.

2, - LIMITATIONS CF PRESENT HELICOPTER ROTOR CONTROL

Conventional helicopter rotor control is achieved by the use of a swashplate system producing
monocyclic blade pitch variation. The setting of the swashplate can be modified as required by the pilot
or an autopilot. Such a system, however, has two major limitations :

@ Firstly, pitch variations are practically limited to one per revolutionm,

@ Secondly, the periodical variations of all blades are the same, since they are produced by the same
swashplate. References 1, 2 and 4 show how such limitations can be overcome and how in the future it
will be possible to introduce multicyclic pitch variation to reduce vibration and make use of a new
concept : Individual Blade Control (IBC) to avoid stall and create artificially enhanced stability. Im
addition, active control offers the promise of still further conceptual changes of a revolutionary
nature, including elimination of the swashplate and the use of elactrohydraulic actuators in the
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rotating part of the rotor hub. in the near future, however, the active control or rotary wings will
retain the swashplate and conventional linkages. The 1BC inputs of higher harmonic content will be fed
to the rotor by appropriately controlled oscillation of the non-rotating part of the swashplate.

3. - APPLICATION OF ACTIVE CONTROL TO ROTARY WINGS

The type of active control proposed in the seventies involved systems comprising autopilots and
stability-augmentation devices developed earlier. Today's proposals have a much wider range of application
and possess a much more extended frequency band of at least 30 Hz. The processing of signals is much more
elaborate and sophisticated, performed independently of pilot action, for executing tasks beyond human
scope or assisting the pilot to assume his workload. Basically, active control techniques as applied to
rotary wings are closely similar to those applied to fixed wings with regard to theory, analytical
approach, the use of microprocessors, wide~band actuators and fly-by-wire or fly-by-light controls. The
main differences arise from the fact that rotor phenomena are periodic and can be described by a system of
linear differential equations with periodic (time-variable) coefficients. This fact introduces a certain
degree of flexibility in the analytical treatment of rotor dynamics with the possibility of applying
iterative methods to achieve an optimized state satisfying predetermined performance criteria by succes-
sive approximation. In particular, the discovery of the rotor transfer matrix provided an easily manage-
able relationship between the input and output Fourier coefficients. This rotor transfer matrix consti-
tutes an analytical model highly suitable in applications of the Kalman's optimal estimation theory (Refs.
14 and 15). Powerful tools are thus available to assist in the search of improved flying quality in the
face of the severe specifications generated by new requirements.

4, - STALL BARRIER FEEDBACK : AN EXAMPLE OF ACTIVE CONTROL APPLICATION

The application of active control to helicopter rotors (Fig. 1) is of a multipurpose nature with
many facets and orientations. The impact on handling qualities is felt at different levels and to
different degrees of effectiveness. Systems being presently studied are at the research stage and it would
appear too early to review all of them., We shall therefore consider an example that could have
considerable influence on handling qualities and concentrate on an IBC-based feedback system avoiding
stall on the retreating side of the rotor disk. Stall-avoidance is taken as a typical applicatiom of
active control to helicopter rotors and illustrates the impact that this concept could have on helicopter
handling qualities. According to experimental data produced by windtunnel investigations (Ref. 6), this
concept has considerable potential for improving the maneuvering ability of a helicopter by appreciable
pover savings. Known as Stall Barrier Feedback or simply SBF (Ref. 6), this concept is based on the
elementary idea of reducing blade pitch when the local C, reaches values close to those of stall onset.
Fig. 3 shows a 2-D case which may easily be extended to Ehe 3-D case. It is seen that the drag is ten
times more for the same C. of 1.1. For the sake of simplicity, we shall consider the quasi-steady-state
1ift and drag variations.Lwe shall consider two identical flight configurations, differing only by the
manner of creating 1ift. The first 1s conventional, whilst the second achieves the same lift variation
without stalling by appropriate blade pitch control on the linear part of the C, characteristic. It is
obvious that the second saves power, as has been demonstrated by recent windtuniel testing. Typically,
such saving can amount to 8% with an advance ratio of 0.3 and & lift coefficient of 0.6 (Fig. 4). Theore-
tical analysis of a similar flight configuration with y = 0.3 and C. = 0.615 resulted in a power saving of
102 with a 5% increase in 1ift (Fig. 5). At high forward speeds, thé power savings and lift gains will
increase the margin between level-flight power and maximum available power, with beneficial effects during
sustained maneuvers. Fig. 6 reproduced from Ref. 13 shows the azimuthal distribution of blade angle-of-
attack at 80X radius. In this extreme case, deep stall can be avoided by the use of active control tech-
niques and provide a much wider power margin., The limits due to stall boundaries can thus be pushed back
with appreciably improved maneuverability. In particular, the stall-losses region (Fig. 7) shows the point
at which the effects of retreating blade stall become significant. Flight behavior in this region is
characterized by a sudden increase in required power and, in the case of certain types of rotor, high
blade loading, stall, flutter and controllability problems. It also indicates the maximum design point for
sustained maneuvers because of the excessive installed power requirements at high (Ref. 13). This stall
region can be moved towards the ultimate boundary, the aerodynamic C limit defined by the maximum CL of
the airfoil, thus widening the excess power margin and eliminating tko danger of stall flutter.

As shown in Fig. 1, stall elimination is achieved by one of several feedback characteristics
capable of significantly improving the dynamic performance of helicopters. Of these different feedback
characteristics, however, SBF will probably have the greatest impact on handling qualities by the sub-
stantial increase in the available power margin.

We shall now examine the extent to which the introduction of active control can affect handling-
quality criteria.

5. = TRE IMPACT OF ACTIVE CONTROL ON HANDLING-QUALITY CRITERIA

It would appear that the introduction of active control does not require basic modificatiom of
already existing criteria or of analytical spproaches used for establishing flying-quality criteria. There
is hope, however, that Kalman's optimal control theory might rationalize the snalysis to a greater extemt
and render the results more objective.

The optimization technique involves a cost function that provides the basis of our judgement. The
weighting matrices constitute the srbitrary, the subjective part of constraints, the result of previous
experience. Once these matrices have been defined, we possess an instantaneous qualification parameter
that simultansously defines the aircraft, the control system and the pilot. In this case, the criteria
reduce to a single analyticsl criterion, a weighted result of all available criteria in a quantitative
form, Performance, however, is not the only factor qualifying an aircraft. We must also consider the pilot
workload required to achieve a given level of performance. So we are driven back to pilot quotation
procedure or tc establishing & humsn pilot model that includes fatigue effects and degradation of the
pilot's dynamic performance with time and in the face of difficulty. Although no complete solution to the
problem of establishing handling-quality criteria can be expected from the application of active control,
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improved understanding of the basic phenomena as well as of the analytical treatment of complex human-
operator problems is foreseeable in the next decade.

6. - CONCLUDING REMARKS

It may be stated in conclusion that present-day helicopter limitat{ons resulting from the mono-
cyclic swashplate must be overcome in the future by unconventional systems oriented towards multiloop
self-adaptive controls leading in turn to the higher-order optimization of handling qualities. At the same
time, the introduction of active control will contribute to better understanding and more accurate
definitions of criteria ascribing pilot tasks and workload. Our present research has a wide range of
applications but will require considerable development effort to become operational.
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OPERATIONAL CRITERIA FOR THE HANDLING
QUALITIES OF COMBAT HELICOPTERS

by
Major W Steward AAC
HQ Director Army Air Corps
Middle Wallop
Stockbridge
Hampshire S020 8DY, UK
SUMMARY

To minimize the threat from air and ground based weapon systems, combat helicopter
operations require the use of concealed low level flight. The paper discusses the
tasks facing the combat helicopter pilot during a typical anti-armour mission and
concludes that, by reducing the flying workload, assisting in the exploitation of
maximum aircraft performance, and enhancing control accuracy, better handling qualltles
can contribute to improved operational effectiveness. Primary consideration is given
to daylight operations in VMC, but the requirements for missions at nlght and in adverse
weather, and for training are also addressed, together with the implications for
handling qualities posed by the threat of armed helicopters in the air to air role.

1. INTRODUCTION

The British Army Air Corps' current battlefield helicopters, the Lynx AH MK 1 and
Gazelle AH MK 1, entered service in the 1970's to fulfil a variety of roles. Changing
priorities have resulted in the Lynx becoming primarily an anti-armour hellcopter,
fitted with a roof mounted sight and the TOW missile system, the Gazelle is soon to be
fitted with an observation sight to enable it to perform its target acquisition task
as part of the anti armour team.

The change of Lynx to the anti armour role, with its emphasis on very low level
flight and sustained hoverlng has caused a review of a number of aspects, including
handling qualities upon which this paper is based. The views stated are, however, solely
those of the author.

Continuing development in the variety, numbers, and sophistication of weapon
systems to counter the successful employment of helicopters on the European battlefield
indicates that low level flight at and below obstacle height, to aid concealment,
achieving surprise and reducing vulnerability, is likely to remain the primary combat
helicopter tactic. Payload restrictions will limit the amount of hardening which can
be given to the helicopter; to survive, the helicopter will need to avoid being hit
rather than be capable of tolerating con51derab1e damage. Although improved stand off
capability, countermeasures, and warning systems will reduce vulnerab111ty, it is
agility derived from the inter-related performance and handling qualities which gives
the combat helicopter its inherent battleworthiness.

The combat hellcopter will continue to have competltlon for funding from other
land and air systems; improvements to handling qualities must therefore be reallstlc,
and affordable. Although Active Control Technology holds considerable promise, it may
be necessary to accept a degree of pilot compensation, Slmllarly, aehzev1ng the right
balance between integrity, cost, and complexity may result in reversionary modes with
added pilot workload.

2. THE COMBAT MISSION

Depending finally upon the distances involved, an anti-armour hel1copter mission
could last for between 1 and 3 hours. For the purpose of conslderlng handling
qualities, this may be grouped into three main phases, each of similar duration;
fast low level flight, slower nap-of-the-earth (NOE) flight, and the sustained hover
in the fire or observation position. There are also periods of ground running, at
the start point and possibly at a final briefing point short of the fire or observation
position. Although the reconnaissance hellcopter could be expected to spend longer in
the hover, the major difference from the handling qualities point of view will be the
increased emphasis on the need for pilot workload reduction during the hover. During
all the phases of the sortie, the emphasis will be on both 'head-up' operation of the
aircraft and the correct trade-off between tactical reaction time and concealment.

3. TAKE OFF,LANDING, AND GROUND MANOEUVRES

Enhanced ground mobility is desirable for the benefits it brings to survivability,
through easier concealment, as well as ground movement during in-barracks training and
maintenance. The combat helicopter will thus probably have a wheeled undercarriage,
although it is doubtful whether wheels of an accegtable size will confer more than
limited mobility other than on reasonably level firm ground.
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The combat helicopter must be stable and free from resonance during ground
taxying, take off, and landing on all likely operational surfaces, including slopes
in the order of 10°, and in all wind directions. The rotor must be able to be
engaged and stopped under the same conditions, and to facilitate the use of maps and
documents, as well as the completion of other cockpit activities, hands-off ground
running with rotors turning should be possible.

The need for concealment may result in the mission starting from an obstructed
landing site such as woodland or built-up areas thus defining the required out-of-
ground-effect performance. Maximum operational flexibility will require full fuel
and armament loads, resulting in initial take-offs at maximum all up weight. When
the associated loss of hover capability, speed, and agility are acceptable, a battle
overload may be used to temporarily increase payload. Performance considerations
notwithstanding, the combat helicopter must have safe predictable handling qualities
during take off and landing. The directional control of the helicopter must permit
take off and landing in all relative wind directions so that the flight path may
conform to the ground, or tactical situation.

4, LOW LEVEL AND CONTOUR FLIGHT

The first phase of the move forward to the contact zone, and last on the return,
will probably be flown with the emphasis on speed rather than on absolute concealment.
Terrain will dictate the actual mode of flight which will probably involve a mixture
of low level flight, at sensibly constant speed and a steady height clear of
obstacles, and contour flight again at nominally constant speed but with height
varying to follow the major terrain features. The crew will still be settling into
the sortie, and a hands-off cruise capability, involving height and heading holds,
would permit maximum attention to be given to continued planning and preparation,
as well as look=-out.

When the tactical situation requires a minimum reaction time, the maximum dash
capability of the helicopter will be used, care being taken not to prejudice the
mission through loss of concealment.

High ground speeds over undulating and broken terrain will require the use of
low 'g' and occasional negative 'g' to allow the pilot to follow contours whilst
minimizing exposure. Flight trials with the Lynx have shown that negative 'g'
values of - 0.5 can be held for several seconds during push-over manceuvres, with
transient values in the order of - 1.0 'g' being reached. Negative 'g' flight was
found to be of benefit to terrain following at air speeds as low as 60 knots, and
the combat helicopter must have handling qualities which permit the safe and easy
use of this flight regime.

Despite thoroush pre-flight preparation to supplement knowledge of the ground,
and careful look-out by the crew, unexpected obstacles such as unmarked wires will
require the crew to take rapid avoiding action, often involving the use of high
load factors. Such accelerations frequently cause the rotor to accelerate into an
autorotative condition, requiring pilot intervention to prevent an overspeed. In
addition, at low level, flight path control becomes very demanding at large bank
angles where the control of height excursions requires considerable pilot activity.
These are obviously undesirable characteristics, and a means of controlling rotor
speed transients and minimizing height excursions would confer more relaxed handling
qualities, and perhaps facilitate the use of enhanced manoeuvrability.

Ideally, the pilot should not encounter an aircraft limit during normal
manoeuvres. Combined with good engine response, and an absence of rotor speed
control problems, this would result in a carefree manoeuvre capability, fveeing
pilot attention for operational tasks. Where the intrusion of a manceuvre limit
in unavoidable, the required attention to cockpit instruments should be minimized,
implying the use of audio warnings or helmet mounted displays. Flight control
systems, including suitable control force characteristics, and possibly using active
control technology, should be able to assist with the exploitation of the full flight
envelope. However, unlike the use of envelope limiting control systems for upper air
work in high performance fixed wing aircraft, the combat helicopter pilot needs to be
able to exceed an envelope limitation to save the aircraft rather than fly into an
obstacle within the limit. The problem should be avoidable if the combat helicopter
is capable of manoceuvring at 3 to 4 'g' without reaching a limitation; this may
require the use of 1ift compounding.

5. NOE FLIGHT

The next phase of the mission may be considered to apply when the consequences
of exposure become more critical, and the need for concealment is paramount. Although
speed is sacrificed, tactical reaction time is still of consequence and speeds must be
as high as possible consistent with the successful completion of the mission. Some time
will be spent in the hover, whilst the ground ahead is scrutinized, and there will also
be occasions when a maximum performance dash is required to reduce exposure time across
an open area. To take maximum advantage of cover, flight will be at very low level,
often only a few feet above the surface, and close to obstacles. The need to maintain
a lookout for air and ground activity, to keep contact with other helicopters on the
mission, to maintain safe rotor clearance, to navigate accurately and maintain
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communications places the maximum strain on the crew.

Although hover-taxy speeds have almost become traditional for NOE flight, a number
of operational benefits accrue from the use of higher speeds around minimum power speed;
power management becomes easier, fuel consumption is reduced, agility is increased
through greater kinetic energy and power/thrust margins, and concealment may be easier
through reduced downwash disturbance of dust etc. Handling qualities which would
permit the confident use of these higher speeds would enable these benefits to be
exploited.

Low 'g' and negative 'g' flight may be encountered during the NOE phase as a
result of cyclic push overs and rapid lowering of the collective lever. However, the
duration of these manoeuvres should be shorter than during low level and contour
flight because of the lower speeds normally being used.

If the maximum advantage is to be taken of full aircraft performance, NOE flight
will be characterized by frequent accelerations and decelerations throughout the speed
range of hover to maximum dash. In addition to large power and thrust margins the
conventional single main and tail rotor configuration requires rapid rotor tilting with
associated large pitch attitude changes in order to allow the rapid application of
rotor thrust without height gain. Unfortunately, these attitude changes can bring
forward view restrictions, increase aircraft exposure, and may undesirably reduce rotor
tip clearance. Thrust compounding with a variable pitch propeller may offer benefits,
permitting a more rapid acceleration for a given pitch attitude.

Deceleration capability is probably more significant as it represents important
avoidance manoeuvres ~ the traditional "quick-stop", and decelerating turn. The need i
for rapid deceleration could of course be minimized if NOE speeds were kept very low,
but the disadvantages of such a course outweigh the benefits. The operational require-
ment is for the helicopter to be stopped in the minimum possible distance without loss i
of concealment. The single main and tail rotor configuration again requires large i
pitch attitude changes to effect a rearward tilt of the thrust vector, bringing with it i
tail clearance problems, potentially increased exposure, and possible restrictions to
forward view, this time in addition to the rotor speed control problem discussed
earlier. Thrust compounding presents a possible solution, using a variable pitch
propeller in a braking state; this would assist with the dissipation of main rotor
energy, resulting in a better control of rotor speed, and permit higher rates of
deceleration at reduced tail down attitudes.

The need to follow the ground track which provides optimum ccncealment implies
changes of direction, as well as height and speed. The demands on aircraft per-
formance and pilot workload in turning flight can be reduced by flying at lower
speeds, but this incurs a number of operational disadvantages, already discussed.
RAE, UK, piloted simulation studies(l) found that all axes of response were important
in turning manoeuvres during NOE flight; pitch and roll for primary manceuvrability
and yaw to maintain balanced turns gnd counter reaction from torque fluctuations.

At 100 kts, roll rates of up to 100~ /s were found to be %ikely whilst at 60 kts on

a small triple bend task, very high roll pates up to 1507 /s were called for; maximum
pitch rates demandeg were typically 20-30"/s. The maximum bank angle will normally
be approximately 70, but more may be of benefit to terrain following and concealment.
Unobstructed fields of view from the cockpit and precise control are required to give
the pilot confidence in using full aircraft performance ir this demanding flight
regime. Rotor speed control and the intrusion of flight envelope limits will have an
influence similar to those discussed earlier under low level and contour flight.

6. THE SUSTAINED HOVER

The requirement for concealment results in the combat helicopter tasks of sur-
veillance, target acquisition, designation, and engagement being made from a concealed
hover. The need to achieve adequate fields of view and fire, to aid concealment by
minimizing the rotor downwash effects on dust, snow, and leaves, and to enable rapid
re-masking below the cover in front by descending vertically, all favour the use of
an out cof ground effect (OGE) hover.

It must be possible to establish and maintain a stationary hover regardless of
wind direction and make rapid and precise changes of heading for target acquisition
and weapon aiming. The most demanding conditions for directional control may not
occur with the maximum wind strengths, and 'holes' in the yaw control envelope must
be guarded against.

The pilot will endeavour to expose only the minimum amount of the helicopter
above cover and precise height control, to within = 1 ft (300 mm) will be required,
especially to gain the maximum benefits from mast mounted sights. It must be possible
to acquire rapidly and maintain the pre-launch constraints of any required weapon
system. To facilitate the stabilization of target acquisition and weapon aiming
systems, vibration levels must be minimized. Weapon system developments such as
reduced time of flight will emphasis the need for rapid and precise unmasking and
re-masking in order to minimize overall exposure time.

Evasive manoeuvring at the hover will require the ability to move the helicopter
rapidly sideways, as well as vertically. A 5% thrust margin is usually deemed
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sufficient to hold height and position, but a further margin will be required for
agility together with control and response margins.

The demands placed on the pilot in the sustained hover are high, and an automated
hover control system should bring a significant reduction in workload, and improvement
in accuracy, as well as benefits to survivability.

7. THE ARMED HELICOPTER IN THE AIR TO AIR ROLE

Attack by high performance fighter type aircraft has long been considered and as
the primary countermeasure evasive tactics developed and practised. However, the
appearance of the Warsaw Pact Hind helicopter with an anti~helicopter capability has
brought a new dimension to the battlefield; there will be successors to the Hind,
perhaps further specialized for the anti-helicopter mission.

The security conferred by the use of a concealed hover at maximum stand-off is
obviously reduced by the ability of the armed Hind to close the gap quickly. It is
not all one-sided however, as in closing, the Hind will increase its exposure to our
air defence weapons. Because of this, it is likely that it will operate at low level
with a consequent restriction in its visual horizon and in its ability to detect its
opponent in the concealed hover. The Hind appears to enjoy a speed advantage over
current NATO helicopters which it seems likely to retain unless a new generation is
produced capable of significantly higher speeds than at present. We are thus
currently unable to outrun, or pursue, and in the absence of an effective anti-
helicopter weapon, our defence must lie in remaining undetected whilst observing the
attacker, ideally continuing with our mission.

However, if discovered and attacked by armed helicopters, an unarmed helicopter
must change position to avoid being a 'sitting target', and continue to avoid
presenting a valid target as it moves and hides again. Such a defence requires
maximum agility in the hover, at low spsed, and in a maximum performance dash. The
emphasis is once again on remaining down amongst the obstacles which the unarmed
helicopter would hope to interpose between itself and the threat, with the requirement
for wide unobstructed fields of view from the cockpit. But, given the capability of
countering armed helicopter attack with an effective weapon, there is a requirement
for target acquisition and weapon aiming implying precise control of attitude and
heading. When the need for ultra low flight is disregarded in favour of unrestricted
manoeuvring during helicopter versus helicopter engagements, the ability to use both
high positive, and negative load factors would be of benefit to both evasion and
tracking.

8. NIGHT AND ADVERSE WEATHER

The reduction in external visual cues during flight at night and in adverse
weather places added demands on the combat helicopter crew who become more reliant
on aircraft systems for safe and successful operation. The need to remain at low
level below the radar horizon requires sufficient external reference to fly safely
clear of obstacles and pilot night vision aids will be needed. The relatively narrow
instantaneous field of view of both passive night goggles (PNG) and turreted Forward
Looking Infra Red (FLIR) systems requires continuous head motion by the pilot. Safe

PNG flight without stabilization equipment has been demonstrated in a number of aircraft,

but comparative experience with the Lynx, fitted with an automatic flight control
system, has shown worthwhile improvements in pilot confidence, rate of learning, and
control accuracy. The influence of cockpit fields of view on the confidence and
ability of the pilot to exploit performance and handling qualities has been emphasised
throughout the paper, and it is unlikely that the combat helicopter pilot will ever be
able to exploit the full daytime potential of his aircraft whilst flying tactically at
night; the combat helicopter with improved handling qualities appropriate to enhanced
daytime operation is likely to be capable of more than matching the pilots night
flying demands. The need to maintain a sustained precise hover close to obstacles at
night is a different matter, and the provision of an effective automatic hover control
is likely to be essential.

9. THE TRAINING REQUIREMENT

Defence budgets are likely to remain under pressure, and the costs of operation,
as well as the purchase, of combat helicopters are of considerable importance. Safe
and easy handling characteristics should lead to shorter training courses, and then
enable a suitable level of skills to be maintained with reduced continuation training,
as well as keeping down the rate of training accidents. The need to conserve airframe
fatigue life may result in flying training being conducted within a reduced flight
envelope, with full performance being kept for operations, The pilot would need to be
able to transition swiftly to the full capabilities of his helicopter without an
increase in the risk of accidents or damage, and good handling qualities extending to
the limits of the flight envelope would make a significant contribution.

10. CONCLUDING REMARKS

Concealed low level flight is 1likely to remain the basis for combat helicopter
tactics,
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Current combat helicopters are not necessarily optimized for low level, NOE, and
hovering flight on the European battlefield.

Improved handling qualities can make a significant contribution to overall combat
effectiveness.

"Carefree" handling qualities are required to permit the safe and confident
exploitation of full aircraft performaace close to the ground and obstacles, including
flight at high positive, and negative lcad factors. Positive cues which draw the
pilot's attention to the approaching encroachment of a flight limitation are required
to reduce the extra workload and stress induced by the requirement to monitor aircraft
instruments during precise and agile flying tasks eg rotor speed transients during
maximum manoeuvres.

Handling qualities in need of improvement include flight path control at low
workload, particularly with respect to height, during turning manoeuvres at medium
to high speed, control of attitude during rapid deceleration, and those relating to
directional control at low speed and in the hover. Automated hover control is likely
to be essential.

The advent of the armed helicopter in the air to air role emphasises the need
for increased agility for evasive manoeuvring while retaining the need fcr good
target tracking capabilities at all speeds.

Safe and easy handling characteristics which are implicit in the reduced workload
and enhanced flight envelope should permit a reduction in training costs.

References:
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FLIGHT EXPERIMENTS WITH INTEGRATED ISOMETRIC SIDE-ARM CONTROLLERS
IN A VARIABLE STABILITY HELICOPTER

M. Sinclair
Flight Research Laboratory
National Aeronautical Establishment
National Research Council Canada
Ottawa, Ontario K1A OR6

SUMMARY

Several flight experiments have been conducted using the NAE Airbomne Flight Simulator to investigate the suitability of
integrated, multi-axis, isometric controllers for use in helicopters. In these experiments, 3-axis and 4-axis isometric side-arm control
configurations were flown successfully through a wide variety of demanding visual flight tasks and a brief instrument flight precision
approach evaluation. The experimental tasks, the evaluated controller arrangements and the developed contro} laws are described, and
the results of comparative assessments between isometric side-arm control and conventional control arrangements are presented.

INTRODUCTION

It is inevitable that the micro-electronics revolution should radically alter the interface betweea the pilot and his aircraft. The
invasion of the cockpit is, of course, well underway and the designer is constantly facing a decision — whether to welcome the new
technologies as liberating forces or to make a stand in defence of the proven ways. The glass cockpit is gaining wide acceptance; the
digital processor is supplanting analog computing methods in many areas of system design and is being applied in new ways to relieve
the pilot of tedious tasks; and the glass-fibre optical transmission line is making its bid to replace both electrical and mechanical sig-
nalling media.

Along with these changes come a host of “modem’ systems which are viable only within the context of a digital, fly-by-wire
or fly-by-optics aircraft; it is one of these systems — the integrated, multi-axis side-arm controller — which is the subject of the research
programs described in this paper.

In the Fall of 1979 the Flight Research Laboratory undertook a series of experimental evaluations of multi-axis, isometric
side-arm controllers in the Laboratory’s Airborne Flight Simulator. These early evaluations were partially funded by the Sikorsky
Helicopter division of the United Technologies Corporation and grew out of Sikorsky’s research studies in preparation for the US Army
ADVANCED DIGITAL OPTICAL CONTROL SYSTEM program. Although it was the objective of the initial study to assess these radi-
cally new controller arrangements in conjunction with the dynamic and control characteristics of the Black Hawk (UH-60) helicopter,
an early decision was made to use the Bell 205A as the basis for the evaluations. This choice had the advantage of eliminating many
potentially artificial, simulation-related aspects of the experiments since the Airborne Simulator is a variable stability and control
Bell 205. The “Huey-like” characteristics of the Simulator provided a relatively simple and well-known baseline against which the
unconventional systems could be judged.

These lirst assessments were simple proof-of-concept experiments designed around pilot evaluations of loosely defined flight-
test and operational task sequences. In the intervening months the Flight Research Laboratory has continued to study the influence of
multi-axis side-arm control on operational effectiveness and handling qualities, performing direct comparisons between conventional
and multi-axis systems in controlled, high-workload flight task sequences. The sample of pilots who have flown the experimental control
systems has grown and a relatively extensive base of flight experience has been established with 3-axis and 4-axis integrated, isometric
control systems.

From the designer’s point of view the appeal of isometric cr pressure controllers is evident: they are mechanically simple,
light-weight, rugged and compact systems which can readily be incorporated in a side-arm fly-by-wire design. On the other hand, the
effects of eliminating the direct control position feedback information — which the pilot would normally obtain from conventional
deflection controllers — are potentially far reaching and fundamental. The conventional helicopter control configuration is an integral
part of the pattern of control learned by every helicopter pilot and consequently has the status of an international standard. Any
benefits gained in a substantial deviation from this arrangement must be weighed against the costs of retraining the pilot’s spontaneous
control command patterns, particularly in high workload and emergency situations. These trade-offs were at the heart of the flight
experiments.

In the sections which follow the controllers and control systems are described and the resuits of two structured experimental
sessions are presented and discussed.

THE EVALUATED SYSTEMS
Hardware

The test aircraft is the NAE Airborne Flight Simulator (Fig. 1 and Ref. 1), an extensively modified Bell Model 205A-1
teetering-rotor helicopter with a full authority fly-by-wire control system at the evaluation pilot’s station. The simulator has been
equipped with a wide range of motion sensing systems which provide high-quality feedback signals suitable for stability and control
augmentation and autostabilization. An on-board hybrid computing system includes a multi-processor, high-speed digital computer
which performs signal conditioning, control system implementation and simulation “modelling’’ — the essential tasks of simulation.

Two isometric controllers and supporting side-arms have been fitted to the structure of a standard Bell 205 crew seat. During
the first of the two experiments described in this paper, the seat was configured as shown in Figure 2 using off-the-shelf, commercial
controller units and hand grips. For later experiments, and specifically for the second experiment described below, an adjustable arm
structure was developed and new grips which more nearly conform to the shape of the cupped left or right hand were cast (Figs. 3 and 4).
The force sensing and transducing functions of the handles, in both of these installed configurations, were performed by four piezo-
resistive strain gauge units which produce electrical outputs for four independent commands — fore and aft, left and right, up and down
forces, and torque about the vertical axis (Fig. 5). The nominal value of command to electrical output sensitivity for each of these
channels is shown below.
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Command Sensitivity Maximum Output
Left/Right 0.5 volt/lb 10 volts (linear)
Fore/Aft 0.5 volt/lb 10 volts (linear) "
Up/Down 0.26 volt/lb 10 volts (linear)
Clockwise/Counter-clockwise 0.167 volt/in.-lh 10 volts (linear)

The handles are elastically very stiff but not rigid and their supporting structures increase the compliance of the complete
system to forces and moments applied at the hand grip; nevertheless the overall deflections are small and do not provide position
feedback to the pilot in the form of discernable force-deflection relationships. To compensate for this reduction in system feedback
information a control actuator paosition indicator was added to the experimental system late in the evaluation phase of the first experi-
ment. The indicator shown in Figure 6 mounted above the instrument panel in the evaluation pilot’s forward fiel of view, provided
easily interpreted information concerning tip-path-plane orientation and tail rotor collective actuator positions.

Software

The command and logic signals from each handle and a force-proportional signal from the evaluation pilot’s pedals were
sampled and sent to the Simulator’s master digital computer where channel assignments, mode selection, control law and stability
augmentation calculations were performed. (A typical control channel is shown schematically in Figure 7.) Channel assignments for the
five control configurations tested in the first experiment, including the two “primary configurations” which have been the subject of
more recent investigations, are depicted in Figure 8.

It is clearly necessary to trim the isometric control systems, just as it is necessary to trim deflection controllers which have
force feel gradients. System demands for a steady-state control input must be met by adjustments to the command signal datum — not
by a continuous force applied by the pilot. In a sophisticated fly-by-wire flight control system this trimming function may be accom-
plished through the mechanism of high-gain command control laws which are inherently self-trimming. For example, a form of rate
command/attitude hold mode in roll, pitch and yaw with acceleration command in the vertical axis would obviate the need for manual
trimming. However, the experiments conducted at the Flight Research Laboratory have emphasized simple, low-gain feedback augmen-
tation and control for which trimming is necessary and the chosen approach is depicted in Figure 7. An integrating path is added in
parallel with the proportional signal from the pilot’s input command. When the “integral-trim” switch is closed the integrating path
produces a relatively rapid trim follow-up signal in response to any non-zero command. The evaluation of various trimming schemes
and the development of this integral trim system are discussed in some detail in Reference 2.

Finally, the control law software incorporated two levels of stability and control augmentation or autostabilization in addition
to a “direct-drive” mode. These were:

a. rate command/attitude hold in roll and pitch with augmented yaw rate damping
b. augmented roll, pitch and yaw rate damping
c. direct-drive (the Bell 205A-1 with stabilizer bar removed and horizontal stabilizer fixed)

THE FIRST EXPERIMENT

'rhe preliminary series of flight tests comprised a development test phase during which suitable control signal shaping and
integral trimming gains were established, followed by formal evaluations of the two primary control configurations — the 3-axis and
4-axis systems depicted in Figure 8. (Five engineering test pilots participated in these flight evaluations.) The system designated
“3-AXIS/TWIST COLLECTIVE” was flown by several pilots and thoroughly evaluated by one, and the other channel assignments
shown in Figure 8 were flown only briefly to assess their value as training aids. The evaluation tasks were chosen from a set of loosely
defined flight test and operationally oriented manoeuvres including take-off and landing, hover manoeurring, circuits, nap-of-the-
earth flight, precision instrument approaches and alope operations.

A brief summary of the significant observations and conclusions from these first flights of a helicopter using integrated,
multi-axis side-arm control is given here to provide a context for presentation of the more recent experiments. Reference 2 provides
more detailed results.

In general it was found that pilots adapted with surprising ease and speed to the use of muiti-axis isometric control — each
of the evaluators flew the helicopter confidently, using the 3-axis or 4-axis system, after a very brief familiarization flight. (These
comments apply for the augmented and autostabilized helicopter control modes. Although the pilots were able to perform all of the
manoeuvres and task sequences satisfactorily in the “direct-drive’” mode, using either of the primary control configurations, the work-
load was undesirsbly high in the more demanding tasks.)

Multi-Axis Control

The experiment showed that a helicopter can be flown through a wide range of visual and instrument flight tasks using either
a 3-axis or 4-axis integrated isometric side-arm controlier — within the bounds of normal helicopter workload demands.

Control Position Feedback

An adequate level of control position feed back may be provided by a well-designed control positic indicator (CPI). Using
the rudimentary CPI shown in Figure 6 the pilots were able, for example, to perform slope landings and take-offs — manoeuvres which
require knowledge of tip path plane orientation. For visual flight manoeuvring tasks where control authority remaining or absolute
~ontrol position is not a primary concern, the force feedback alone was sufficient.
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Laft or Right Hand Control

Although left-hand operation was not emphasized in the test planning, several of the pilots developed the skill to the poiat
where they could perform all of the experimental tasks adequately using the left-hand controller.

An “ambidextrous”, multi-axis control system could have a fundamental influence on cockpit layout since it would allow the
pilot to perform auxiliary manual tasks with either hand — interacting with systems on either side of his ssst position.

The Secondary Configurations

The “3-AXIS/TWIST COLLECTIVE” configuration could be mastered and was flown succeasfully, but it was prone to appli-
cations of collective control in the wrong sense and was considered markedly inferior to the primary 3-axis version which tranelated
vertical forces as collective commands.

The two-handed configurations, both of which controlled roll and pitch with the right-hand, beave with the left-hand and
yaw with pedals, were not systematically evaluated in this program. Each could be flown with ease.

THE SECOND EXPERIMENT

The qualitative nature of the first series of tests left some important questions unanswered: whether, for example, pilots can
learn to perform very demanding manoeuvring and control tasks using the multi-axis isometric controllers — with precision and ease
comparable to their performance using conventional controls; and, whether the patterns of control — the characteristics of the command
signals which the pilot uses to meet specific manoeuvring or stabilizing control requirements — differ fundamentally for the two types
of control.

To gain some insight into these questions, a second flight test session was designed around a structured series of low-altitude
manoeuvring and precision-control tasks. The test course is depicted in Figure 9 which shows the nature of the flight segments and the
layout of ground markers used to guide the pilot from task to task. For example, on the accelerate-stop leg the pilot attempted to pam
through the “gate” at a ground speed of 40 knots and to stop over the designated point at the end of the run — maintaining a uniform
height above ground; the landing was to include a smooth approach followed by a touchdown on a marker and on a preassigned heading;
the lateral translation was to follow the ground track, maintaining constant heading, height and lateral velocity.

The tasks made combinations of demands which required co-ordinated cyclic, main rotor collective and tail rotor collective
commands — in some instances to decouple the helicopter motions and in others to induce the co-ordinated, multi-axis manoeuvres.

Each subject pilot was trained to a high level of proficiency in executing the course with conventional controls and with one
of the primary isometric controller configurations. He then flew the course eight times in a single flight, alternating pairs of runs first
with conventional controls, then with the muiti-axis configuration. On a second and similar evaluation flight, eight more runs were
completed, this time beginning with a pair of runs using the hand controller. Following a short *“deprogramming” period and a period
of retraining with the other of the two primary controller configurations, the procedure was repeated so that both the 3-axis and 4-axis
isometric configurations were compared directly with conventional stick, collective and pedal control.

Four pilots completed the full test sequence, two engineering test pilots who had participated in the earlier multi-axis controller
study and two pilots who had only very brief exposure to isometric control prior to this comparative study.

All of these test flights were conducted using the rate-augmented control mode, the basic simulator with augmented rate
damping in roll, pitch and yaw. The 3-axis and 4-axis isometric configurations employed continuous integral trimming in all control
axes with control sensitivities and integral trim rates individually adjusted but generally close to the values established in the earlier
tests. For the conventional control system the sensitivities were set equal to the Bell 205 values and control forces simulated a boosted
control system without artificial gradients.

RESULTS OF THE SECOND EXPERIMENT

Four distinct types of data and information were collected during the test flights and following the completion of the experi-
ment. Time histories of control forces, control displacements where appropriate, and of aircraft state variables were recorded on the
simulator’s data acquisition system. Touchdown accuracy and lateral tracking accuracy were measured using sighting transits. Each
segment of each run was described qualitatively in brief notes compiled by a ground observer, and finally the pilots were asked to
complete a brief questionnaire which addressed the relative difficulty experienced and precision attained with the systems being com-
pared.

The time histories are being analyzed to determine similarities or differences in patterns of control and precision of control
between runs using integrated isometric systems and those using conventional displacement control. For example, the heave and yaw
command signals consistently exhibit significant content at higher frequencies when these channels are controlled with the force handle.
On the other hand the ground speed, pitch attitude and longitudinal cyclic control* time histories for the accelerate/stop segments
show no apparent distinguishing features which separate multi-axis isometric from conventional control. Although the pilot's actions
with the two types of controllers are fundamentally different, the demands which he makes on the cyclic actuators and the resulting
manoeurring performance are similar.

* A wilid control demand comparison can only be made at the point where signals are being sent to the helicopter control actuators.
The originating ‘‘commands’’ are fundamentally different, being forces in the one case, displacements in the other.
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Landing precision is illustrated in Figure 10 in the form of touchdown dispersion from the target point. It can be seen that
performance with the conventional controls was superior to that with the multi-axis systems and that the dispersion patterns for the
two cases were distinctly different. This result should be anticipated simply on the basis of the higher level of experience of the evalua-
tion pilots with deflection control systems. The difficulty does appear to be peculiar to contro] in the last few inches of the landing
approach however, since steady station-keeping over a ground target, at skid heights of a few fest, could be performed very precissly
with the integrated isometric controllers. (Opinions differ concerning the reason for the forward starboard drift from the target during
the side-arm controlled touchdowns. It should be recalled that the evaluation pilot occupies the right-hand ssat of the simulator and,
as a consequence, the forward-starboard field of view is essentially unobatructed.)

Although the objective data are in themselves of interest, the primary resson for specifying the tasks precisely, and for
measuring performance, was to constrain the pilots to a consistent test procedure for all of the evaluated systems. Subjective, comparative
amomments were considered to be the most important output of the experiment. This subjective information, which was supplied by
the evaluators in response to a brief questionnaire, provides some insight into the process of adaptation to the unconventional, integrated
control systems. For each segment of the course the pilots were asked to characterize the relative difficulty which they experionced in
performing the task and the relative precision with which they considered they accomplished the task, comparing the two control
systems used on the preceding flight. A consolidated picture of these opinions is preseated in Figure 11 where all of the responses
relating to all of the course segments have been collected. There is no rigorous analytical basis for this linear addition of the individual
responses — the dividing line between “more difficult” and “much more difficult’’ was subjectively and individually defined — nevertheless
the composite picture has qualitative significance. Each assessment necessitated, first and foremost, a simple decision concerning which
of two recently performed tasks was easier to perform and which was performed with greater precision. These figures underiine the
message which pervades the general comments of the subject pilots: for very demanding manoeuvring control tasks, the more familiar
conventional control system is marginally superior — in both precision and ease of operation — to the integrated isometric controller
arrangements. As the level of experience with force contro] increases however, the differences in workload and performance between
conventional and isometric control diminishes. In these direct comparisons with conventional controls it was also evident that the
3-axis isometric controller mode was considered slightly superior to the fully integrated 4-axis mode, although the difference was judged
to be small and perhaps of no operational significance.

CONCLUDING REMARKS

Force control inputs have been widely used in airplanes both as quickening devices for deflection control systems and more
recently as primary control signals in advanced digital flight control systems, The experiments described herein are concerned not just
with the transfer of these control methods to the helicopter environment but with the added dimension of integrated, multi-axis control —
an addition which renders the systems different in kind as well as degree. The helicopter flight experiments have shown that muiti-axis
isometric side-arm control systems can be used successfully to perform a wide variety of demanding flight control tasks.

In recent weeks a new multi-axis force controller, similar to the 4-axis system described above, but with much greater com-
pliance, has been installed in the side-arm seat and flown in the Aitborne Flight Simulator. The deflections of this handle in response
to applied forces and moments are still relatively small — only one half inch of displacement at the mid-hand position for a 20 Ib pitch
or roll command, for example — but the resulting force/deflection characteristics are discernible and appear to provide useful feedback
information to the pilot. This system will now be evaluated systematically and compared with the isometric controller and conventional
deflection control systems.

Finally, it should be emphasized that these evaluations have focused upon relatively simple control laws with low-gain feedback
stability augmentation. If integrated, multi-axis side-arm controllers are adopted for an operational helicopter, they will undoubtedly be
part of a very sophisticated control system incorporating electric or optical signal transmission and digital control-law computation. In
such a control environment, task and mission optimization of command control laws is not only possible but practical, and therefore s
full assessment of the controllers should include thorough investigations of these advanced control laws and concepts. Future phases of
the Flight Research Laboratory’s program will address control law optimization and the implications of these extracrdinary coatrol
systems for the helicopter certification process.
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FIG. 1: THE NAE AIRBORNE FLIGHT SIMULATOR
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FIG. 2: SIDE-ARMS AND CONTROLLERS INSTALLED FIG. 3: SIDE-ARM SEAT AND CONTROLLERS
(FIRST EXPERIMENT) ARRANGEMENT FOR SECOND EXPERIMENT

FiG.4: OLD AND NEW HAND GR(PS
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FIG. 6: FORCE AND MOMENT SENSING AXES
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FIG. 7: CONTROL CHANNEL SCHEMATIC

FIG. 8: CONTROL ACTUATOR POSITION INDICATOR



http://www.abbottaerospace.com/technical-library

R D e

e e e s

S Are e - Roser

+ SRRSO o2 > - on s

'nm t l '"“" !
%lmucvmi ? ' j’ e \|‘
Qi D R v

’i\uou. /‘1"“
L ..
I (&) { Iy
== =1

3-axI1S/ TWIST COLLECTIVE

PRIMARY CONFIGURATIONS

HEAVE PITCH p HEAVE PTCH

1
" nowL & i\

TWO HANDED/Z COLLECTIVE TWO HANDED/ CONVENTIONAL

SECONDARY CONFIGURATIONS

FIG. 8: CONTROL CHANNEL ASSIGNMENTS FOR EVALUATED MODES

g~
— —
N\
l
/
/
JReTUnrN
TO “A~
STOP OVER “B” =~ N |
PEDAL TURN 270° LEFT ‘ A
-8~ '\'\ 77 | ACCELERATE TO 40 KNOTS
KD THROUGH GATE
GATE
/, -
’ )
REARWARD TRANSLATION p
CONSTANT VELOCITY ’ Q
Vv=320° DIAGONAL TRANSLATION
‘y N CONSTANT VELOCITY, § = 320°
W "
AN /

(o)
PEDAL TURN 380° RIGHT O

CONSTANT RATE 0o
TOUCHDOWN ON SPOT  ~c~
v =32°

LATERAL TRANSLATION
CONSTANT VELOCITY, y = 320"

FiG. 9: MANOEUVRING COURSE



http://www.abbottaerospace.com/technical-library

PP

ST P

R SN

LONGITUDINAL DISPLACEMENT A

(FEET)

—

LATERAL DISPLACEMENT
(FEET)

FIG. 10{a): TOUCHDOWN PRECISION — CONVENTIONAL CONTROLS

LONGITUDINAL DISPLACEMENT ?

(FEET)

10}

FIG. 10(b): TOUCHDOWN PRECISION — SIDE-ARM CONTROLLERS

3-AXIS/3IDE-ARM
4-AXIS/SIDE-ARM
o]
A o
A A (o]
A O
—Aa0~ @ A
A NN 1 >
10 LATERAL DISPLACEMENT

(FEET)



http://www.abbottaerospace.com/technical-library

-

10

10

l TASK DIFFICULTY l

MUCH MORE DIFFICULT
(THAN WITH CONVENTIONAL)

5
g
-
&
|

£1G. 11(b): SUBJECTIVE COMPARISONS OF 4-AXIS ISOMETRIC CONTROLLER
WITH CONVENTIONAL CONTROLS

£ ] MLOTS A, B (FIRST EVALUATION OF ISOMETRIC CONTROLLERS)

XX

PILOTS C, D (PARTICIPATED IN EARLIER EVALUATIONS OF ISOMETRIC CONTROLLERS)

MORE DIFFICULT

MUCH EASIER

WITH CONVENTIONAL CONTROLS

l TASK DIFFICULTY l

MORE DIFFICULT

10

CONTROL PRECISION

FIG. 11(a): SUBJECTIVE COMPARISONS OF 3-AXIS ISOMETRIC CONTROLLER

lmOL memou'



http://www.abbottaerospace.com/technical-library

‘e oo

-

15-1

STABILITY AND CONTROL FOR HIGH ANGLE OF ATTACK MANEUVERING.

by
W. Kraus, H. Przibilla, U. Haux
MBB Flugzeuge, Postfach 801160,
8000 Miinchen 80, West Germany

SUMMARY

On a delta canard configuration an optimum division of control devices for maximum con-
trol power at high angle of attack (A.0.A.) is shown and a special-trim schedule gives
best directional and lateral stability in this flight regime.

This aircraft configuration was used for an air to air combat simulation. The control
system lay-out at high incidence included thrust vectoring in pitch and yaw to support
the aerodynamic control surfaces. Simulation results in terms of rates and accelerations
in pitch, roll and yaw axis for a set of different poststall (PST) maneuvers are shown
to prove that the aircraft is controlable and that active tactical maneuvers can be
flown in this flight region.

1. INTRODUCTION

This paper is concerned with the possibilities of maneuvering a fighter aircraft at and
beyond maximum 1ift. The tactical value of such capability in Short Range (SR) Air Com-
bat has been the subject of various analytical studies, trajectory optimizations, compu-
terized and manned air combat simulations, see references [1, 2]. It was found, that air
combat capability can be improved by means of suitable high A.O.A. maneuvers to a degree
which is unachieveable by a limited maneuvers at any possible level of energy perfor-
mance beyond that of contemporary fighter aircraft,

There is a significant change of air combat characteristics to be expected from the use

of all aspect SR weapons (see reference [3]) in terms of a greater importance of instan-
teneous lower speed maneuvers. Frontal engagements will prevail and thus combat success

is dependant much more on the ability to achieve an earlier firing solution even at the

expence of energy. Energy will often be sacrificed for positional advantage. PST-maneu-

vers - if properly conducted - offer a turn radius advantage over the conventional oppo-
nent, which may lead to that positional advantage, if:

- thrust to weight ratic is higher than 1,

- sufficient control power is available at associated low speeds and A.0.A.s up to
70°.

Suitable conducted PST maneuvers are characterized by
- 3 dim, trajectories
- short duration (lower than 7 seconds)
- high pitch rates and high yaw rates
- marginal angles of sideslip (theoretically none)
~ rapid change of speed and flight conditions.

PST maneuvers do not constitute a special mode of flight. They are merely an extension
of well known instantaneous low speed maneuvers. They can easily be adopted by the nor-
wal pilot, who however, has to get used to the condition of rolling around the velocity
vector in order to avoid excessive angles of side slip. Note that in most tactical situ-
ations PST-maneuvers are used to achieve a positional advantage and the fire opportunity
will occur after the return into the normal A.O0.A. regime. Very seldom PST capability is
being used for weapon pointing.

The paper investigates the requirements for handling and controlling a particular figh-
ter design in the tactical PST flight regime. Results are based on wind tunnel tests and
simulations of typical PST maneuvers. It was the aim to develop the technical means to
achieve the level of controlleability which was found to be tactically necessary in the
preceeding tactical air combat simulations.

Fig. ! shows this level. So we had an aiming goal for designing the aircraft and its
controls. It was soon very clear, that the desired angular rate onsets in high A.0.A.
regime for tactical maneuvers only could be fulfilled if additionally to the aerodynamic
controls a speed independant momentum control system, a vectored nozzle for pitch and
yaw controls was used,

The aircraft thereby should have in this flight regime the required maneuverability le-
vel. To reach these goals, stability and control requirements for tactical high A.O.A.
operation have to be establisghed.

Doing the flight system layout, manned simulator studies are very helpful. The handling
qualities and maneuverability performance can be adapted to the established stability
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and control requirements at maneuver relevant control inputs. Then with a 'pilot in the
loop' simulation on a fixed base cockpit station, the gystem can be rated and standard
PST maneuver types can be used, to qualify the system performance.

2. DESCRIPTION OF CONFIGURATION AND AERODYNAMIC LAYOUT

Next a short description of the configuration and its aerodynamic control devices and
their optimum use in high A.0.A. is given. A detailed description of the influence of
configuration components and control settings has been given in [4].

The simulated aircraft is a Delta-Canard configuration (see Fig. 2) with twin vertical
tails, 4 leading edge (L.E.) and 4 trailing edge (T.E.) flaps. The canard off configura-
tion shows neutral stability in the pitching moment up to A.0.A. = 8°., The fixed canard
contributes a destabilization of about 7% in this A.0.A.-regime. Canard on and canard off
longitudinal stability are well balanced in order to reduce trim drag by the spanwise
downward deflection of the T.E. flaps and on the other hand to achieve a restabilization
of the aircraft by releasing the canard in the case of a CCV-system failure. Canard and
outer T.E. flaps are used for pitch control and stability augmentation. Roll control is
superposed to the trim and pitch control deflection of the outer T.E. flaps. Yaw control
is done with the 2 rudders of the twin fin.

As canard and T.E. flaps settings both influence pitching moment, longitudinal and late-
ral stability and control authority,it is necessary to find a trim schedule dependant on
A.O0.A. and Mach number which is optimized under the following aspects:

- minimum drag in the conventional A.0.A.-regime

- sufficient control authority at high A.O.A.
e gufficient pitch down acceleration rate
¢ reduction of lateral and directional instability in the critical A.0.A.-regime
(30° - 50°)
e quick response by aileron deflection for roll stabilization

- balanced loads and actuation rates of control devices.

The canard is held in a nearly 'no load' position for medium A.O.A. to keep the strong
vortex interaction between canard and wing low because the interaction and their asym-
metric break down at sideslip angles is responsible for lateral instabilities.

The L.E. flaps are deflected downwards also to improve lateral stability.

The T.E. flaps are deflected downwards at low A.0.A. because of performance reasons. At
medium A.O.A. the trim schedule shows a separation of outer and inner T.E. flap setting.
The aileron efficiency sharply drops at A.O.A. of about 30° to about 1/3 of the low
A.0.A.-region and the downward deflected aileron only takes a 20% share of this capaci-
ty, see Fig. 3.

Due to this effect a better roll response is experienced by a more upward basic setting
of the outer T.E. flaps. This schedule allows sufficient roll control beyond aircraft
stalling with conventional ailerons.

The trim schedula of Fig. 2 compromises these optimization aspects and has been applied
in the high A.0... simulation. Lateral stability parameters associated with this trim
schedule are shown in Fig. 4. Though there is a region of directional instability, the
spin departure parameter Cngdyn is kept positive throughout all A.0.A.

Fig. 5 illustrates once more the spin departure parameter C“Gdyn together with four le-
vels of spin pronity dependant on sign and value.

As to see, the basic configuration can show severs and abrupt yaw departure with large
sideslip excursions between 15° and 40° A.0.A., if the L.E. flaps are not deflected. At
trim conditions, however, as already shown before, Cngqa remains positive in the criti-
cal a~r;qion, becoming even more positive at very high X?O.A. due to the stabilizing di-
hedral Cl,.

A more significant criteria for proverse/adverse sideslip build up can be found in the
frequency ratio, wé®/ws? = LCDP . conu/Cn.dyn. Values greater 1 indicate proverse side-
slip (p and 8 having different sign) and values lower 1 inverse sideslip (loss of roll
power due to sideslip build up).

For values lower 0, roll reversal may be expected, and the roll acceleration is in-
versed to the demanded roll stick direction. The frequency ratio is plotted versus A.O.A.
for trim conditions and zero trim sideslip. For a > 35°, the aircraft shows a weak ten-
dency toward roll reversal. This tendency becomes more intensive for out of trim condi-
tions.

For roll control a schedular was established, depending on A.0.A. and Mach number. Fig.
6 shows the resulting a’leron effectiveness versus A.0.A. for the remaining roll autho-
rity relative to the pitch control demands on the T.E. flaps.
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Fig. 7 shows the rudder effectiveness. It decreases markedly at A.O.A. greater than 30°.
At about 45° A.O0.A. the rudders become totally ineffective.

3. CONTROL SYSTEM LAYOUT AND SIMULATION RESULTS

Having analyzed the basic airframe stability behaviour and the available control power
in the low speed regime, the next step was to select appropriate control laws and feed-
back signals and to show in form of a 6 degree of freedom (DOF) simulation study, that
the presented configuration can remain under control up to very high angles of attack
with the implementation of thrust support by vectoring both engine nozzles with a given
control authority of 10°. The main demands regarding stability and control requirements
for tactical high incidence maneuvering can be summed up as follows:

- prevention of unrecoverable pitch departure at fast pull-up maneuvers, caused by
insufficient nose-down control power at higher angles of attack and low dynamic
pressure levels;

- prevention of spin departure due to yaw or roll divergence, caused by negative
directional flight path stability or roll reversal;

- sufficient control power in all three axis to maintain the above mentioned stabi-
lity performance and maneuverability level for tactical relevant PST-operations.

Beside the already mentioned stability problems in the lower to medium A.O.A.-region,
kinematic and inertial coupling effects become dominant on the aircraft motion at medium
angles of attack. These effects show up in kinematic a-g~exchange during high incidence
body axis rolls, as well as in pitch-up and proverse or adverse yawing moments genera-~
tion due to roll/yaw or pitch/roll coupling.

To determine the necessary control power in all axis, these effects had to be considered
for the Command & Stability Augmentation System (CSAS) lay-out.

The next figure (Fig. 8) shows the finally selected control laws and feedback signals
for the pitch axis. The main features can be summed up as follows: The stick force per
g depends nonlinear on the stick deflection range with the calibrated dynamic pressure
as a parameter. Having reached the maximum g-load, a break in the stick force gradient
indicates to the pilot, that he will enter the PST-region by pulling beyond aCLpax, now
controlling angle of attack. The command signal is fed to the canard and to the T.E.
flaps with different authorities, dependant on angle of attack and dynamic pressure. Ad-
ded downstream of the feedback signals a and 4, are the trim values for the canard and
the flaps with schedules described before. In the canard loop, an a-dependant schedule
limits the nose-up canard authority for pitch departure prevention at fast pull-up ma-
neuvers.

Demanding for a fast and precise controlable aircraft at high incidences, the stability
loops were designed for a constant natural frequency of 3 rad/sec and for a damping ra-
tio of 0.7. These short period response requirements correspond with the MIL 8785B spe-
cification of medium nzg-levels. Without Vector Nozzle Control (VNC) in the pitch axis,
the mentioned w,, t-values could not be reached. Without thrust support, heavy a-over-
shoots and even pitch departures resulted at lower dynamic pressure levels, when pulling
a-rates greater than about 25°/sec.

Thereby the canard saturated for angles of attack greater than about 40°. Therefore VNC
was implemented in an early stage of the simulation study. The VNC-loop was automatical-
ly phased in as a function of angle of attack and calibrated dynamic pressure. The
switch lets through the strongest signal of both. The phasing in values were varied in
the si?ulation session and finally fixed for this configuration at a* = 20° and g* =

3 KN/m®.

The Fig. 9 shows a simulation result with VNC and “Max. Dry" thrust setting. Here we can
see the resulting maximum attainable a-rates and the needed control deflections in rela-
tion to the trim settings and authority limits, for fast pull-up maneuvers up to 70°
angle of attack. Also shown in this figure are the maximum deflection rates of all three
pitch moment generators. The next figure (Fig. 10) shows a time history for rapid pull-
up maneuvers at a thrust setting of "Max. Dry". The maneuver wes started at M = 0.6 for
an altitude of 20 KFT. The aircraft was rolled to an initial bank of about 40° entering
a turn. Thereby the aircraft was pointed away from the flight path by fast pitch stick
commands of different authority, reaching maximum angle of attack values up to 70°, at a
dynamic pressure level of 2 KN/m?, The maximum attainable pitch rate was about 35°/sec
for this thrust setting, with an angular rate onset of 50°/sec®. For angles of attack
greater than 45 to 50°, the canard saturated. But the additional pitch control power of
the nozzle prevented the aircraft from pitch departure, allowing enough nose-down mo-
ment generation, to recover from these deep stall conditions. The maximum possible de-
flection rate of 70°/sec was not reached.

The next Fig. 11 shows the selected control laws and feedback signals for the lateral/
directional axis. The layout of these loops was dominated by the demand of absolute spin
departure resistance for maneuvering conditions. As already said, both spin departure
parameters are strongly negative for out-of-trim conditions due to detrimental interfe-
rence effects of the dynamically deflected canard and T.E. flaps on both the stability
derivatives Clg and Cng.
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To minimize kinematic sideslip build up at roll control inputs for higher angles of at-
tack, it showed to be mandatory to roll around the stability axis instead of the body
axis, thus preventing a-g-exchange. As shown in the figure, the lateral stick inputs,
scaled for stability axis roll rate demand, produce primarily body axis roll rates

at lower angles of attack and mainly body axis yaw rate at higher angles of attack.
Thus implementing a roll stick-to-rudder-interconnect with the control law given by
IDemand = PDemand ° tana means, that the aircraft is forced to roll around the velocity
vector or around the flight path, It is most obvious, that the resulting conical motion
of the aircraft around the fliyht path, eliminates the kinematic a-g-coupling. At very
high A.0.A., the aircraft can not be rolled anymore around its body axis, but can be
sliced around the yaw axis.

To guarantee a departure free aircraft, a high augmentation B-feedback was provided be-
side the Roll Stick Rudder Interconnect (LSRI) concept, to stiffen the flight path di-
rectional stability Cnggypn. The g-feedback loop was designed for a natural dutch roll
frequency of 3 rad/sec in the whole a-region with a likewise constant damping ratio of
4 0.7. This B-response characteristic was sufficient to prevent yaw departure under all
maneuver conditions and roll reversals, ending in a spin entry condition. The gains in
the stability loops were calculated with reference to the Cnsdyn-values for trim condi-
tions, shown before. To sustain the aircraft to roll around the velocity vector at out-
of-trim conditions at dynamic sideslip build-up, a stability axis yaw damper was imple-
mented. All gains were o~ and J-compensated.

Simulating the system without thrust support in the yaw axis showed, that the rudders
could be saturated already at medium angles of attack for dynamic pressure values less
than about 5 KN/m?. For angles of attack greater about 35°, no relevant yaw rates could
be maintained. Therefore, as in the pitch axis, the rudders were supported or substitu-
ted by the vectoring engine nozzles, generating body fixed yaw acceleration, dependant
on thrust setting, Mach number and altitude.

As in the Aerodynamic Surface Control (ASC) loop, for the VNC a similar rollstick-to-yaw
nozzle-interconnect was designed, and the same feedback signals were used. Thereby the
pitch and yaw axis have the same authority status with an overall authority of 10°.

&
i
4
L
*
¥
{

The next figure (Fig. 12) shows the resulting roll/yaw rate performance for three thrust
settings: "idle", "Max. Dry" and "Max. Reheat", as well as "without VNC". The values re~
sulted at full roll stick inputs for the different agrip-settings. Without VNC, no rele-~
vant yaw rate can be attained for a > 35°. Thereby g-excursions > 10° could be observed
at fast roll stick reversals, with the rudders in a limit cycle. With VNC and a minimum
thrust setting of "Max. Dry", the sideslip excursions at fast roll stick reversals and
at cross-control inputs could be held less than 1°, The next figure (Fig. 13) shows a
roll stick reversal maneuver at an angle of attack of about 65°. Here we can see the
fast yaw rate build up with about 30°/sec? yaw onset in a full stick reversal.

Having demonstrated in a first simulation session, that the present delta-canard confi-
guration remains controllable with the selected control laws and the implementation of
Vector Nozzle Control in the pitch and yaw axis an operational pilot was asked to rate
the whole system, flying different maneuver types with the standard task of a 180° hea-
ding change without pedal inputs, thereby involving high angles of attack up to 70°. The
shown maneuvers were flown without target display. Therefore the pilot could only orien~
tate on the following instruments:

- ADI (attitude director indicator) - altimeter

- HSI (horizontal situation indicator) - speedmeter

- g-meter

- a & B indicator - vertical velocity indicator.

All here shown maneuvers were flown with phased in Vector Nozzle Control at constant
thrust settings for the initial conditions of M = 0.6, 15 kft altitude and 1 g level
flight.

The next figure (Fig. 14) shows the 180° heading change performance in a horizontal turn
with an initial bank of 90° aud "Max. Dry" thrust setting. Having pulled to 8.5 g,
reached at about oCrpy., the pilot did not hold the maximum turn rate, but pulled into -
the PST-regime, reaching for a short elapsed maneuver time a maximum angle of attack of
about 65°, whereby the speed dropped to 160 knts. The 180° heading change was reached at
amax after 8 seconds, thus having an average turn rate of 23°/sec. At the lowest speed
level, the flight path was vectored to about =-50°. During PST-entry the maximum pitch
rate was about 35°/sec. The maneuver was ended by a fast a-recovery to about zero degree
and a simultaneous roll to level flight.

The next figure (Fig. 15) shows the 180° heading change, flown in the vertical with zero
degree initial bank. Again the max. attainable normal load factor was reached after 2.5
sec. and pulling over the top with "Max. Reheat"™ throttle setting the inverted attitude
was reached within about 10 seconds. The minimum speed in this maneuver was about 80 knts
at a maximum A.0.A. of 55°.



http://www.abbottaerospace.com/technical-library

The next figure (Fig. 16} shows a wore PST typical flight path change. The so-called PST-
Slice was initiated at a constant angle of attack of about 70°, obtained at full aft
stick. Here we see, how the aircraft is forced to roll around the flight path with a
settled flight path angle of about -70° in a slightly nose down position during several
180° heading changes with an establighed yaw rate of 35°/sec, ending the 180° pointing
in about 6 seconds. The slice around the near vertical velocity vector, with an all-as-
pect gun pointing capability, minimizes the aircrafts combat maneuvering range, there-
by developing sink rates greater than 6000 ft/min. The slice can be stopped fast and
with a good settling time.

The last figure (Fig. 17) shows the angular rate onsets in body axis system, extracted
from the pilot simulation with the actual system in the before described maneuvers. The
maximum demanded values in pitch, roll and yaw axis are referenced to the ASC only le-
vels and to the additional VNC potential acceleration values. As shown, the nose-up con-
trol power of the canard and T.E. flaps was not needed for PST-entry, but was not suffi-
cient enough to pull the aircraft to the maximum useable angle of attack. Using the ad-
ditional thrust support in the pitch axis, the cbjectives for air-to-air simulations
were reached at higher angles of attacks. For a fast a-recovery and for preventing pitch
departure during fast pull-ups, the nose-down ASC-power is not sufficient at lower
speeds and has to be sustained by the Vector Nozzle with "Max. Dry” as a minimum thrust
setting. The roll control power of the ailerons with a~dependant authority, showed to
satisfy the air-to-air combat targets, dropping with increasing angle of attack, corres-
ponding to the selected LSRI-concept. Thrust support in the roll axis was not necessary,
thus simplifying the hardware of the nozzle kinematic. The yaw axis ASC-control power
showed to be the most critical, because of rapid yawing moment fading with increasing
A.O.A. and the resulting speed loss. But with an additional yaw nozzle loop, the air-
craft could be held spin free and controlable, reaching the objectives of 0.5 rad/sec?
yaw acceleration at high angle of attack.

4. CONCLUDING REMARKS

Summing up, we can make the following conclusions:

The presented configuration with relaxed static stability margin and spin suscepti-
bility at medium angles of attack, could be kept absolutely under control at very
fast and tactical orientated control demands due to the selected control laws and
feedback signals.

The MIL 8785B specifications for medium nz,-levels could be attained at PST-condi-
tions, thus not changing aircraft response characteristics at very low speeds,
relative to the conventional flight envelope.

Thrust vectoring with conical deflectable engine nozzles showed to be a very power-
ful moment generator for stabilizing and maneuvering the aircraft up to 70° A.0.A.
and resulting speed levels leas than 100 knts.

The PST-maneuvers are very dynamically flown and of only short duration time, giving
up the high energy status for positional advantage.

With a responsive VNC, both pointing away the aircraft from its flight path

and flight path vectoring with different maneuver types showed to be possible. This
requires highly responsive actuators in both ASC and VNC-loops with deflection rates
of about 50°/sec.
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EXPERIENCE OF NON-LINEAR BIGH INCIDENCE
AZRODYNAMIC CHARACTERISTICS

by
D Booker K McKay
Principsl Aerodynamicist and Senior Flight Test Engineer
British Aerospace Public Limited Company
Aircraft Group, Warton Division
Warton Aerodrome
Preston, lancs., PR4 1AX
England

SUMMARY

The ispact of asrodynamic non-linearities on aircraft behaviour at high angle of attack is considered
from both an analytical and a flight test expsrience viewpoint. The form of some of these non-linearities
and their importance to the design of high incidence control systems is examined. Considerations to be
applied to the design of future military aircraft for operation at high angle of attack are suggested.

1.  INTRODUCTION

On an aircraft fitted with an advanced high incidence control system the self~restraint norsally
exercised by pilots when manceuvring st high angles of attack can be relaxed. This allows freedom to per-
form inertially coupled, large perturbation roll and pitch manoceuvres which can resulit in a combination of
high sideslip angles and high angles of attack. The presence of asrodynamic non-linearities is to be
expected in such conditions.

This paper considers from both analytical and flight experience viewpoints the impact of certain
asrodynamic non-linearities on aircraft behaviour at high angle of attack. Effects found to be important
when designing aircraft and flight control systems for this flight regime are highlighted. The paper
concludes with suggested considerations to be applied to the design of future military aircraft required
to operate at high angles of attack.

2. REGIONS WITH NON-LINEAR AERODYNAMICS
2.1 Angles of Attack

Typical handling phenomena experienced as angle of attack is increased as shown in Figure 1. Buffet
onset is followed by "random" wing rocking. A progressive deterioration in lateral/directional handling
characteristics begins from some higher angle of attack and eventually a departure threshold is passed
vhere spine can occur, either naturally, or possibly when provoked by applicatiom of pro-spin controls.
Non-linear aerodynamic characteristica are a feature of the region of deteriorating handling qualities and
sust be considered for any analytical studies of aircraft behaviour in this region.

2.2 Speeds

A typical envelope of allowsble angle of attack against speed is shown in Figure 2. For moderate to
high speeds the structural n¥W boundary to which the aircraft is designed keeps down the maximum angle of
attack for vhich an operational clearance is needed. However, at low to moderate speeds routine operation
is desired up to (and beyond?) the angle of attack for maximum lift. Ac described in Section 2.1 the
lateral/directional characteristics of the aircraft say intrude on this ideal situation, a handling
boundary being defined by, for example, nose-slice, unstable dutch roll, etc (Reference 1). Speeds
relevant to lateral/directional misbehaviour, where aerodynamic non-linearities need to de considered, are
shown by the cross-hatching on Figure 2.

3. MATHEMATICAL MODELS

For analytical studies of aircraft behaviour at high angle of attack and for designing high incidence
flight control aystess it is necessary to define a suitable mathematical model. The forwmulation of such
a model is discussed in Reference 2. Non-linear aerodynsmica are usually catered for in these models by
use of coefficients which are functions of the necessary independent variables. Exsmples of some of these
dependencies are given in the next Section of the paper. Experimental facilities used to define both the
linear and non-linear terms in the model include:-

* Wind Tunnel Models
** Static sounting, in uniform or curved flow (Reference 3)
** Oncillatory rig mounting (References 3, 4) «
** Rolling rig mounting (Reference 5)
* Free-Flight Models
** Helicopter or carrier aircraft launched (References 2, 6)
** Catapult launched (Reference 7)
°* Launched in a vertical wind tunnel (References 8, 9)
*¢ Flown in a horizontal wind tunnel (Reference 9).

&, TYPES OF NON-LINRARITY

Whilst aerodynamic coefficients can be non-linear in both the lomgitudinal and lateral/directional
senses, discuseion in the present paper covers only nou-linearities in lateral/directional coefficients.
A1l coefficients are functions of angle of attack and for present purposes this is not considered to be
a non~-linearity. This term is reserved for non-linear dependencies on sideslip angle, roll rate, yaw
rate and tail angle. Roll control power and, to & leaser extent, yaw control power can be non-linear btut
these are not considered here.

IR W AN 3
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Non-linearities due to yaw rate are normally important only for spins. Non-linearities in roll
damping occur near wing stall as illustrated in Figure 3. Thia leads to dependence of dutch roll
dsmping on the amplitude of the oscillations.

The effect of tail angle on the variation with angle of attack of the directional and lateral stad-
11ity derivatives of a current fighter aircraft is shown in Figure 4. "Stick back" in the context of
this figure implies large negative tail angles such as those required to trim at high angle of attack (on
an aircraft which is naturally longitudinally stable). Thus trimming significently reduces Cns and
Cnp dynsmic at high angle of attack and such effects must be taken into account at the design stage for
an aircraft and its flight control system. (It is perhaps worth sentioning that this effect would be less
significant on a Relaxed Static Stability aeroplane since tail angle to trim at high anglé of attack would
be much less negative or possibly positive).

Figure 5 shows the variations of rolling momsent and yawing moment with sideslip angle at lodnuto
and high angle of attack. For the lower angle of attack rolling soment is essentially linear and for the
conf{guration shown the yawing moment non-linearity is favourable. At the higher angle of attack the non-
linearities in both rolling moment and yawing moment are unfavourable.

The direct effects of large underwing stores on the sideslip characteristics of the configuration
are shown in Figure 6. At the lower angle of attack the stores are laterally and directionally destabil-
ising and cause the non-linear variation of yawing moment with sideslip to become unfavoursble. At the
higher angle of attack the stores have only small effects on the yawing moment characteristic though
rolling soments are markedly affected.

However for assessing the nverall sffects of such stores secondary effects must be considered. With
underving storea the aircraft's longitudinal stability is reduced and thus the tailplane angle to tris
at high angle of attack is less negative. The adverse effect of tail angle to trim (Figure 4) is there-
fore reduced and the net effect of the stores is to slightly improve trimmed directional stability for
amall sideslip angles; however at high sideslip angles the effects of stores resain adverse.

5. DESIGN FOR CAREFREE NANOEUVRING

The most important non-linearities identified in Section 4 are those associated with high angles of
attack and large sideslip angles. Experience at BAe Warton has shown that such conditions can be
achieved in flight by performing inertially coupled, large perturbation roll and pitch sanoceuvres. Pilots
can safely perform such sanosuvres on an aircraft with an advanced high incidence control system which can
provide a carefree manosuvre capability.

To provide carefres msanoeuvring in all configurations asimie control eystem sust cope vith the aero-
dynamic characteristics of the wost severe case. This could involve some compromise to the sanoeuvre
capability of less severe configurations. To avoid such compromiees ¢ither a morse complex, and therefore
more costly, control system is needed or the carefree manosuvrs capability must be provided only for those
configurations for which it is operationally necessary. This topic is worthy of discussion bdetween
industry and operators.

6. TFLIGHT TEST EXPERIENCE

Figure 7 shows flight test experience of indicated angle of attack (Airstresm Direction Detector
probe reading) and sideslip angle at departure from controlled flight; the high incidence control aystea
was swvitched off for thuse tests. Each symbol represents a separate test. The ADD at departure reduces
with ue:ouu. sideslip as one would expect with the non-linear serodynsmic characteristios described in
Bection b,

An interesting feature is the dirference in ADD recorded by the vindward and leeward probes (these
probes are oa the sides of the fuselage just forward of the cockpit area); the windward probe reads such
higher ADDs than the lesward probe. This points the way to successful automatic protection against loss of
control even when the pilot is carrying out the most severe dynamic manoesuvres. That is to use the higher
of the two ADD measurements to provide the incidence signal for the high incidence control system. A
control aystea vhich uses this approach has been flight tested at BAe Warton and has proved very satisfact-
ory.

7. CONCLUDING REMARKS

Based on experience with BAe Warton projects and with the background inforsation presented in this
paper the following considerations are suggested for design of future military aircraft required to
operate at high angles of attack.

1. Design for reasonable apin resistance.

2. Ensure controllability at high angle of attack is good.

3. Consider sugmenting directional stability to minimige difficulties due to non-linsarities with
sideslip at high angle of attack. However be aware of other poesidly adverse effects, for
example the effecta of taflplane angle of trim on directional stability.

LR Where a tvin incidence probe installation, with probdes mounted either side of the fromt
fuselage, is used to provide a monitored incidence signal to the high incidence flight comtrol
systes the probes are likely to respond differentially to sideslip. The higher reading can be
used by the control system to provide additional protection against adverse asrodynsmic non-
linearities due to sideslip.

S Decide the role of the aircraft with each store load. Configure the flight control systea to
provide a carefree manceuvre capability only for configurations that need it; avoid compromie-
ing the manocesuvrability of these configurations by covering more severe but less important
one, Prohibit gross dynamic sanceuvring on those configurstions wvhere the operstional rfle
of the aircraft does not demand it.
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A COMPARISON OF ANATVTICAL TECHNIQUES FOR PREDICTING STABILITY BOUNDARIES FOR
SOME TYPES OF AEF)DYNAMIC OR CROSS-COUPLING NONLINEARITIES
by
A. Jean Ross
Aerodynamics Departrent,
Royal Aircraft Establishment,

Farnborough,
Hants.
U.K.

SUMMARY

The need to predict stability boundaries for flight at high angles of attack is of continuing
importance, and the possibility of using analytical techniques, rather than studying computed responses,
remains attractive. Two methods of analysis are described and compared, for particular forms of non-
linearities, and a relationship is established between nonlinear stability characteristics and linear
stability boundaries in terms of the magnitudes of the response variables. The techniques are being used
to predict some of the flight characteristics likely to occur for a High Incidence Research Model, which is
being tested to provide wind-tunnel and free-flight data for establishing mathematical models of aero-
dynamics at high angles of attack. The configuration and the research programme are described briefly.

1 INTRODUCTION

Although it is only possible to specify general descriptive criteria for handling jualities for
departure and spinning characteristics of aircraft, it is still necessary to quantify the characteristics
in some way for assessment purposes during the development of an aircraft. The first problem is to
specify the form of the mathematical model of the aerodynamic forces and moments, and then to specify the
numerical values of the parameters needed to reproduce the responses to control inputs at high angles of
attack. There have been a number of research papers published recently describing either the mathematical
model of particular aircraft (eg Ref 1), or describing the types of nonlinearity which may have to be included
for adequqte representation of the aerodynamics of current and thure aircraft, for flight at high angles
of attack<”. The next problem is to obtain an overall picture 15 of the characteristics of the dynamic
responses to all types of control inputs likely to be used, since, without a method of analysis to define
the characteristics, the number of response calculations (or simulations) required is very large. It is
not possible to - arantce that all possible types of motion have been encountered in these calculations,
due to the depenaence of nonlinear systems on the amplitudes and phases of the response variables. A
familiar example of this is the uncertainty as to whether all the spin modes of a new aircraft have been
encountered in either simulations, or tests in a spin tunnel, or in free-flight tests of models, before the
actual aircraft is flown to high angles of attack. Another important example is the lengthy and possibly
inconclusive process needed to assess and test control systems which are designed to prevent departure from
controlled flight.

Some progress has been made recently in obtaining general stability characteristics for various
particular types of nonlinearity likely to be preseng in the kinematic and aerodynamic terms in the equat ons
of motion of aircraft, and two methods of analysis5' are discussed in section 2 (Description of methods)
and section 3 (Examples) of this paper. The preliminary analysis needed for determining the possible non-
zero equilibrium states of the nonlinear system is also described, the emphasis being on defining the
complexity of nonlinear terms which can be included for algebraic solutions to exist. Such solutions can
give insight to the significance of various terms much more readily than those which have to be obtained
using an iterative numerical prccess.

The first method of analysis involves the familiar linearisation of the equations of motion about
the non-zero equilibrium state, which has also been described in Ref 5 in terms of Catastrophe Theory and
Bifurcation Analysis. The results in Ref 5 are mainly presented in terms of the magnitudes of steady
control inputs which lead to zero damping of either exponential or oscillatory modes (bifurcation surfaces),
but it is shown here that for many responses, the magnitude of one of the response variables is the basic
significant parameter. In particular, the well-known significance of roll-rate in inertia cross-coupling
is demonstrated, using Bifurcation Analysis.

The second method of analysis is a simple extension7 of the averaging technique introduced by
Krylov, Bogoliuboff and Mitropolsky, to obtain approximate analytic solutions for the nonlinear "damping"
and "frequency" of nonlinear "modes" in terms of the amplitude of response. A relationship between the
linear stability characteristics given by Bifur:ation Analysis and the nonlinear stability characteristics
is obtained for a particular type of nonlinear.ty in aerodynamic moments due to sideslip, which again
demonstrates that the amplitude of the response variables is the significant parameter in defining the type
of nonlinear response which could occur, such as limit cycle, oscillatory divergence or exponential-type
divergence. The possibility of introducing other forms of nonlinearity is also discussed briefly.

These methods are being applied to a mathematical model of a particular configuration, the gigh
Incidence Research Model, which is the subject of a theoretical and experimental research programme® aimed
at establishing techniques for mathematical modelling at high angles of attack. Static and dynamic
aerodynamic data are currently being obtained from wind-tunnel tests, and flight data will be obtained
using free-flight models. The configuration and research programme are described in Section 4, as they
are the current focus for the theoretical work described earlier.
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DESCRIPTION OF THEQRETICAL TECHNIQUES

Equilibrium States for Nonlinear Equations of Motion

Equations of motion and datum state

The search for meaningful approximate solutions to the nonlinear equations for the equilibrium
states of an aircraft seems to have been revived recently, particularly for analysis of steady spins/»'“.
Digital computer techniques are now available'', but there is still need for algebraic solutions - even if
approximate - so that important parameters for new aircraft shapes may be identified. Associated with
such searches are the various suggestions for appropriate state variables, ie which quantities to use to
express the mathematics. An interesting collection’@ relevant to spin has recently been published, but
there does not seem to be an ideal set of variables. Two distinct sets of angles are used, Euler angles
defining the orientation of the aircraft relative to earth, and the incidence angles defining the orienta-
tion relative to the velocity vectcr. These sets are related via the flight path angles, and so the

equations are necessarily complicated. For the angular motion, it is possible to use either the familiar

components about the moving body axes, or to use the spin rate at given radius about a given axis relative

to the earth. It is not proposed to discuss these representations more fully here, but to demonstrate
which types of nonlinearity can be included to still yield equilibrium equations which have analytic
(algebraic) solutions.

The general equations of motion of an aircraft may be written as:

Q= rv-qw+ é - g sin © (1)
\'r:pw-xu+é+gsin‘bcose 2)
¥ =qu - pv + % + g cos ® cos O (3
- Ixz(i+pq) + (Ix_lz)qr + L )
I I I
x x x
. _ Ixz(re- 2) o+ (Iz-lx)pr + N (5)
1=7 I I
y i y
I I-
P Ixz(i)—qr) + ( ; y)pq + % 3
z z

For the determination of developed equilibrium states in which U=¥=Wapad=f=0, such as autorotational
rolling or spinning, it is usually justifiable to assume that the gravity terms may be accounted for as an
averaged contribution, ie a symmetric steady state is assumed to exist, at which the normal force due to
angle of attack is balanced by the mean value of (-mg cos©®), and the associated axial force is balanced
by the mean value of (mg sin®), The residual oscillatory contribution from the gravity terms is of small
amplitude, and can usually be neglected. The pitching moment has also to be balanced by an elevator
deflection, and so the symmetric datum state may be described in terms of the variables u,, w,, n, and
resultant velocity V. The aerodynamic forces and momeqts may also be expressed in terms of this datum
state, and in particular the datum angle of attack, tan™ (W /ug).

2+.1.2 Equilibrium states for linear aerodynamic terms

The nonlinearities in the kinematics define additional non-zero equilibrium states, denoted here by
suffix 'e', and it is useful to define wg, Ne as the increments, not necessarily small, to the datum state,
80 that W = WptWe, N = NotNg, Z = Z5+Ze etc, but where Neg = O does not imply that we = O. However, the
resultant velocity remains near-constant, and so the assumption is made that u = ugy, to make the analysis
tractable. It is also useful to choose the principal axes of inertia as the reference axes, so that i
I,, =0, simplifying the form of equations (4), (5) and (6) without loss of accuracy. If the aerodynamic :
forces and moments are initially assumed to be linearly dependent on the response variables, and are
expressed in terms of the familiar stability derivatives at the ‘<tum angle of attack, (but including all
the cross-coupled derivatives such as 1q), the equilibrium equations for the variables
€l=v,w‘ =

e _v_e e Te, Pgs Qg+ T, may be written as:

] Yy PetYy Qo*yp yq _éo*yr Hi Ge ] -yc‘
P2, z, 2 Go.zq z Qe z, %
lv 1w lp 1q 1r+bxqe pe = lc 7 '
mv m, mp mq bype’mr qe mc y
i
By By np bzpemq s il Te L ¢ } E

where the concise dimensional form of the derivatives has been used (ie the dimensional aerodynamic
derivative divided by the appropriate mass or moment of inertia), by = ( -Iz)/}x etc, and suffix ¢ on the )
RHS denotes force or moment due to control deflections. The variables %, and W, have been used, rather
than a and B, since the complete definitions of the angles would be needed, eg W = sin age.

»ave - -
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These equations may be solved using determinants, by observing that the determinant of the chosen
form* of the matrix in equations (7) is linearly dependent on qe, and is a polynomial of fourth order in
Pe. Thus it is possible to solve for g, and p, in particular, to give expressions of the form:

o = Po(pe) * P1(pe) 9e (8)
Do(pe) * D1(pe) qe

e = Qo(Pe) + Q1(Pe) qe (9)
D;(pe) * D1(pe) qe

Z_ = ko *k1 tan a

Equation (8) gives the solution for g, in terms of p,, which may be substituted into equation (9), to yield
a polynomial in Pe*

[Po(pe) - D (p )] [D,(p )P (p,) - D (p )P (p)]
+ [ D, (p) = Po(p J R (p ){B (R = B D00} - @;(p) { P (p,) - D (B)}) = O (10)

In general, the polynomials D, and P, are quartic in pg, Dj B and Qo are cubics, and Q4 is a quadratic, so
that the polynomial in equation (10) is of order 12. There is some simplification if the cross-coupling
derivatives are neglected, but the form18nd order of equation (10) remains the same. If some of the
damping terms are neglected, such as mq, then the order of the polynomial is reduced to 7, and if all
damping terms (derivatives due to p, q and r) are neglected, then a quartic is obtained.

For the special case of inertia cross-coupling, where the equilibrium state is independent of
control setting, then the determinant of the matrix in equation (7) is zero, ie

Do(pe) + D1(pe)qe =0 (11)

With the assumption that by=0 (or that the product byger, is negligible), equation (11) gives the
equilibrium rates of roll at which auto-rotation can occur, and reduces to the classic bi-quadratic if the
stiffness terms and damping-in-roll derivative only are retained. If by ¢ O, then equation (11) has to
be combined with the ratio of p./qe, obtained from equations (8) and (9). With this form of equations,
it is possible to eliminate Qg to obtain a polynomial of order 11 in Pg-

2e1.3 Equilibrium states for nonlinear aerodynamic terms

Having established a method of solution with linear aerodynamics, it is interesting to see how many,
and which types of aerodyramic nonlinearity may be introduced before it is impossible to obtain a polynomial
in p, alone. For example Mehra” has included a linear dependence of some of the lateral derivatives on
angle of attack, and his equations for the equilibrium state may be written in the form:

[y, P, sina 0 -cosa | 7 ( %e- —yej
-P, z, 0 cosa 0 Qe z,

<1v+1vwae> Le e 1p 1 (lr*lrw&e*bxqe) Pe | =11 (12)
0 mw o] mq bype q, mc
ty (nfwgc*npwpe) p b.Pe o JL Te | _“c‘

L

The determinants are again linear functions of ge, and also 1ine§r functions of Qe, so it is still possible
to obtain a polynomial in pg, from the equations for pg, qe and W, glthough the algebra is lengthy.
Elimination of g, leads to two simultaneous polynomial equations in W, and pe. with quadratic terms in W,
which may be eliminated, to give a high order polynomial in pg. It may be observed that it is pos§ible to
include the additional derivatives lp, and lgy, (since they do not introduce higher~order terms in %e) and
still obtain a polynomial in pg, but that addition of the variation of yawing moment due to sideslip with
angle of attack, ny,, leads to a quartic equation in Wg. In general, the aerodynamic data available
indicate dependence of the derivatives on angle of attack primarily, and on angle of sideslip to a lesser
extent, with indications from tests on rotary rigs of nonlinear moments due to rate of roll. The latter
may easily be accommodated in the determinants above, without causing high order terms in W, or gg.

Pinsker has observed that the normal force can often be expressed as a near-linear function, using

c

, where tan a, = w/“, and so it may be feasible to extend the linear dependence by

t t

cosd
t

using this combination. For large angles of attack, pitching moment is also often approximately linear
with angle of attack, and so it is the variation of mg and the lateral derivatives which could be important,
Of these, the second-order derivatives lyy, lpys lpws 1%”' laws Ppws Ry gy and ng, may be.included, to
give a polynomial in pg, but the addition of either of the derivatives nyy, or mg, leads to high-order
equations in ;e' It may be noted that any dependence of lp and np on angle of sideslip may also be
included.

*There is a choice for the second order terms, eg the term bypere may be considered as (bype).re or
(b.r )ep_«
ye e
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Several investigators of inertia cross-coupling problems have neglected the ‘byqr' term in the
rolling moment equation, since b =~ O for aircraft with moderate Ix/I, ratios, and qe, re much lower than pe.
For such cases, it would be possfble to obtain a solution when several second-order derivatives with respect
to angle of attack are included in the mathematical model,

For spinning problems, it is usually necessary to retain the 'byqr' term, especially for inertially-
slender aircraft, and so the algebraic solution, if possible, is lengthy. The alternative ‘classic!
method of solution feg Ref 13), for the spin states is to consider the moment equations, expressing p, g, r
in terms of the spin rate and the attitude angles, so that a set of equations are obtained which have to
be solved graphically, or iteratively.

Some simpler dynamic problems are also of interest, in particular the conditions for lateral
departure from controlled flight, when the mean angle of attack can be considered to be approximately
constant for the initial motion. It is possible to include some higher-order aerodynamic nonlinearities,
and the solution for the equilibrium states remains straightforward.

2.2 Linear Stability Characteristics

The obvious technique to use for the study of the stability of responses about a non-zero
equilibrium state, such as a rapid roll or spin, is to consider only small perturbations atout that
equilibrium state, so that the equﬁtions of motion may be linearised, and the usual stability roots derived.
Although the resulting equations 14,15,16 are often of high order, it is usually possible to identify the
important parameters, and so gain an insight to the basic characteristics of the responses. For example,
the simplest approximation to the response in inertia cross-coupled motion indicates that there are two
possible non-zero equilibrium states, the lower of which is unstable, so that the response diverges to the
higher stable equilibrium state. This property leads to the concept of a "critical roll rate', above which
the response will diverge to the equilibrium state, irrespective of control inputs.

In gencral, nonlinear equations of motion may be written in the form:
X = f(x, ¢), (13)

where X is an n-dimensional vector of state variatles, and ¢ is an m-dimensional vector of control
variables. The basic equilibrium state is x =0, ¢ = 0 (to give 3 = 0), but for nonlinear systems,
other non-zero equilibrium states may exist, for which
fx,c)=0, (14)
' <=

The stability characteristics about this equilibrium state may be obtained by considering the incremental
vector x', where

X' = f(x +x', ¢ )
Ze'= e

fix , ¢ ) +[££] X' b oeee
e' e s =
xJe

= F(Xx , € JaX' + 4.0 (15)
. —e -

n

The form of F(x, ¢) is evaluated by inspection of the form of f(x, ¢}. It is usually possible to write
f(x, ¢) in matrix notation, as in Section 2.1, and then F(x, ¢) is the Jacobian matrix of f(x, c¢). For
the linearised system, the stability polynomial is obtained by assuming that x'= Ax.e“ s to give the
determinantal equation,

F(}e,ge)- uil] =0, (16)
where W may be real or complex, corresponding to exponential or oscillatory modes respectively.

=, (1?)

The condition for zero damping of an exponential mode is that lF(ze, Ee)

so that equations (14) and (17) give n+1 equations to determine the particular n equilibrium states and
the relationship between the control settings for which zero damping occurs. Thus the stability
boundaries are defined in the control-space, beyond which divergence occurs, and are kunown as bifurcation
surfaces.

The corresponding condition for zero damping of an oscillatory mode is that Real part of v = -
but this cannot be expressed simply, being the Routh's discriminant of the stability polynomial.  However.
the boundaries can be computed for given forms of f(x, ¢), beyond which the oscillatory moder have
increasing amplitude, and these are termed Hopf bifurcation surfaces.

The significance of these stability boundaries has been discussed by Mehran .r.nz .
Analysis and Catastrophe Theory Methodology (BACTM). The nominal equilibrium rtate ' 1 o
exponential mode has zero damping are not achievable, since the response cither tive:r, .
occurs) or changes to a stable equilibrium state (ie a jump occurs’. when s o o
equilibrium state has zero damping, then the respcnse may vecome « Lim.* v .« ©ome -

oscillatory manner.

The form of the function Fix, ¢} may be derives ¢ trne v o o
second-order nonlinearities of polynomial form, sinre "fee v o0 . -
matrix form
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where A(x) and B(z} contain only first order terms in x . An exsmple of A(x) is given in equation (7),
where the matrix on the left hand side of the equilibrium equation comtains teras in

A(x) may be written as the sum of two matrices, one of which is independent of the state variables, and the
other containing only linear terms. There is a choice in the ordering of this second matrix, since a
term in the equations aijxixy cen be considered as either (aqsx;) in the j'th colmsm to be multiplied by x4,
oru(aijxj)inthoi' column, to be multiplied by xj. obvious choice is to keep the mumber of
different xi appearing in the matrix to a minimum, as has been done in

nay be expanded to give
& = [A A (@].x + (BB, (x)].e

w [A A (x) + A (x)]e(x +x) + (B #B,(x,) + B,(x*)].(c se")

]

- [A°+A1(_:5.)] X' ¢ A (X)ex 4 [B°+n1(5')].£' + 81(;').5'40(3_'2)

w A A (=) + Ay(x) + B,(c )] .x* + [B+B,(x,)).c (19)
wvhere A.‘(_!_')-}' ) 52(5.)0_!.' (20)

and the equilibrium condition is

[A A, (x)))-x, + [B +B,(x))).c, = O . (22)
The stability polynomial is then given by the determinantal equation corresponding to equation (16), vis
AeA (x) + A(x ) + Bz(g') - uI, =0 (23)

The bifurcation surfaces are defined by the roots of the stability polynomial for which R (u) = O, and may
be denoted by the parametric relationships between % and % s 1e particular values of® xy and Cqr

An alternative basis for exsmining stability about non-zero equilibrius atates is to choose a
particular state, and use equation (22) to determine the comtrol inputs required, for substitution into
equation (23), ie the stability determinant may be expressed in terms of the equilibrium state. In
particular, if the control characteristics are independent of the state variables (eg control derivatives
independent of angle of attack etc) then By(x) z 0, By(c,) z O, and the matrix in equation (23) is not
explicitly dependent on control inputs. Thus the stability boundaries are explicitly dependent omn the
state variables only. Thus the concepts of critical magnitudes of certain state variables leading to
divergence, such as rate of roll for inertia cross-coupling, and possibly rate of yaw for some spin entries,
is probably of wider application to other nonlinear responses, and is being explored further.

2.3 Nonlinear Stability Characteristics

Several techniques are being developed to study the characteristics of the responses of nonlinear
dynamic systems, two of the most widely used being lyapunov functions and the averaging method of
Krylov, Bogoliuboff and Mitropolsky. The latter has been extended? to include the concept of nonlinsar
demping, as a function of amplitude, and to high-order differential oqut:lm17. to give approximate anslytic
solutions. Most of the work at the RAE has been centred on the lateral equations of motion with nomlinear
moments due to sideslip or roll rate, to study lateral departures, sc that the equatjons reduce to ons
differential equation in one variable. The method is described here for an exsmple® with linear and cubiec
terms in the representation of rolling and yawing mowents due to sideslip. The equations are given by:

& ~ ~ -~ ~

v-y'1v+y'3v3+w°p-u°r +§gin’cog6°+’. (26)
Pm 1'13 + 1'35} + lpp +lr+l : ()
ta nﬂ3 + n'33} tapenren, ' (28)

vhere the concise moment derivatives contain product of inertia terwms, and contributions from a simple roll-
damper with gearing K fp. The gravity term may be retained for study of responses sbout the mero equilibrium
state, by linearising sin® , but for responses about a non-zero equilibrium state the gravity term has to

be neglected. Elimination of p and r then yields one equation in ¥, of the form:

3a Ty -~ .
Ay g 8 d°A 4 3(¥) a
G(') = :3 + #‘l + R v + c(') - ‘(’.’1“!.’ m0

yherg A(V), B(V), C(¥) contain linear and cubic terms in ¥, eg O(}) = o m,w'i’. A solution of the form
v = vy + 0 cO8 ¢ ia sought, vhere ¥s is the equilibrium state, C(¥e) 1(71'10.30). and the nonlinear

demping and frequency are defined by

Lo , $e.. o o (29)

If the assusption is made that k and w are approximately constant for cae oycle of § (meuci),ﬁ-

the averaging technique gives an -r!ui-to solution, for 7 and @ as funoctions ofo , :
2

31; o‘).cou. d¢= 0 end ¥=

f'c.-h $d¢m 0 (30)

N
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These two equations uey be cosbined and writtes in cosmplex fors, by considering & IM[ou ' "“’]‘ﬂwe,
I [ TR L o

which yields the nanlinear stability equation, : . v :
v ) + (%*)ﬂ’i.a)(kdn)a f%l,c 2(!:+!n)2 + (b1+5§33.2)(kf1») 0’% b, o2(cein) CoEe o ’_ 4
+ (o1+5a3;.2 + E c} '2)' =0 i ¢1b]

This equation may be compared with that obtained by local linearisstion, using V=¥ + ¥ and neglecting
0(¥'“), so that seeking a solution of the form ¥' '“v'u gives : -

u’ + [n1+3a39.2]u2 + [h1+3b’$.2]u + [c1+3c)9.2] = 0, (32)

l vhere y = ) +iv. The linear stability boundaries are defined by A= O, yielding the oritical equilibrium
: state v, given by either

c1+3e3§b2 = 0 for real roots with zero damping . (33)
or [a1+3.3§ba‘|[b1+3b33bz] - [c1+3c3§b2] = 0, for complex roots with sero dsmping, is y = iv (34) 1
The correaponding nonlinear conditions of k(0) = O give the amplitude o, at which divergence ocours

if the corresponding m(oc) is imaginary, and the amplitude gy, of say limit cycl¥s, for real .(cL). The
equations are:

cy + 303$.2 +é oy cca 0 (35)

and [a1+393?r°2 . o aﬁ[b1+3h3;ea . by °L2] - [c1+3c53.2 + E o cLZ‘] -0 (36) :

: It may be observed that these conditions are satisfied if ‘
L ;b ';ez +%‘GZ or ;ba';oz +7}°L2 S

Thus there appears to be a yelationship between the amplitude of the limit cycle, or the oritical amplitmde,
about an equilibrium state v,, and the amplitudes of the linear stability boundaries. In partioular, the
value of 0, at v_ = O (for responses about the zero equilibrium state) is twice that of the amplitwde of
the oquilikriul State at vhich the linearised equations indicate zeroc damping. This relationship has deea
confirmed for this mathematical model, and the results are described in Section 3.1¢ For other aonlinesr
dynsmic systeas, the relationship, if it exists, will depend on the form of the nonlinearity, since
equations (37) apply for cubic terms only.

" The corresponding solutions for the variables p and r are found to be of the £

, P =Dy +agC08 Yiy), T ary tapa coslhuy) , where the amplitude ratice, ap = &= |4l
: and phase angles tp, €, are approximately -independent of the amplitude of v'. This tion has beea
found to be ;luatitfed for systems with nonlinearities in one variable, but may not be valid if other

nonlinearities are included.

An attempt has been made by Sinpaon18 to apply the lﬂﬂu-l? technique directly to the simmltanecus
differential equations of motion, such as equations (26), (27) and (28), without ,reducing the equatioms to
one variable. This method, used for the current example, results in a stability determinmmt,

A2 2 -
Ter * 3re3% ¢ E Ty - v Yo 9,

; 1, ¢+ 30,72 + §1,0° 1, - 1 =0 (38)

. v1 %3 [ v3 p- ¥ T

) ‘ .2 2

, B+ 3 Ry3¥y * % n'3° ) Bemw

‘ . The expansion of the determinant gives a stability polynomial foru = k+iw, vis 1
: i : W e [‘1"3'3;.2“2' ‘;'."ZJ"2 * 01*35;.2‘% b;"a] ue .[°1’3°5‘?o2‘£' °3"2] -0 09 3

The equations (39) and (31) are identical only for k = 0, ie for the study of stability boundaries, sad
work is in progress to study the rate of growth of limit oycles, given by k(v), to see vhich is the better
approxisstion. The difference in the equations is due, in effect, to negleoting the terss arising from -

% (¥) in deriving equation (38). BSuch terms are implied vhen the stadility deterwimemt is expemded to

give the stability polynomial, and it may be possible to retain them by extending the idea of a differeatial
operator to certain classes of nonlinear equations. This type of procedure appéars to de required for the
approximate solution of equations of the type considered in Section 2.2, egquation (18). .The second-order

terms do not contribute directly when the avereging process is applied, since ool’o 44 = 0 eto. 3

» 1 ! Thus the nonlinear stability determinant, for motion about the steady otntc{z "’ smplitude vector ofs
ﬁ ‘ - is found to de |l'(x +a,8) =yl =0 (
!
b

: . This is independent of adt smplitude, defined by o, (but dependent on the smplitude raticefs} .
4] and 80 does not appear to predict nonlinear characteristics, where y is a M%ﬂ of ge It is to
) . study this problem in future work, sand it may be noted that a similar approach'? has been wsed for the
determination of limit cycles in multivariate aystems, ie vhen equations corresponding to (31) amd (99)
are identical in form for k = O, : ’ ’ '

e e cr o aegar sonim
DR R s x alitaaisbon i



http://www.abbottaerospace.com/technical-library

TP W

A different type of nomlinesrity, vis hysteresis, is likely to be nesded to express ssroiymsnic
forces and moments when the airflov is separating and re-attaching due to the varying sagnitudes of the
response variables, particularly angle of attack. It is possible to evaluate the integrels isvolved ia
the averaging process, equations (30), for simple forms of hysteresis, but the teohnique has mot been
applied to problems in flight dynamics as yet. o "

3 JXAMPLES IN FLIGHT DYNAMICS
3.1 Istera) Responses with Oubic Nonlinearity in Moments dus to-Sideslip

The mathematical model used in Section 2.3 was originally developed to study the wing-rock
phenomenon, but it has also demcnstrated some more general properties, which were desoribed brisfly in
Ref 6. Various nonlinear phencmena can occur, depending on the level of roll-damper gearing, 't
as illustrated in Fig 1. A limit cycle occurs for smell values of K, for seall disturbanses, but
larger disturbances lead to an exponential type of divergence. With gncruu 0{1:“ s the limit oycles
do not occur, and the response after a small initial disturbance is a damped osc » but a larger
initial disturbance leads to a divergent oscillation. The boundaries shown in Fig 1 have been derived
using the approximate analysis of Section 2.3, for the zero equilibrium state, and confirmed by
simulations on an analggue computer. A further study of the responses about non-zero equilibrium states
has now been completed<”, and the relationship between the results from local linearisation of the
equations of motion and from the approximate nonlinear analysis has been demonstrated.

[ X F3
3 (X 13
- -
- 0.08 b
{ A
0.0 Divergence Roll rate Yaw rate
! Te
S 0n Prumi eyt 1] [ 4
ol
N " "
] [ 1) 02
a [ ] | P
| o » e @ ® twe @
- - (NS change o scaie) Sideslip Rudder
3 3om 1 LA
o 9 - 0 S e Including gravity termws m——
.0 -0 X
"o, K B 00 kg e0.4, 5000 Neglecting gravity terms ecccecccn.
Drimit yete D oamy o

b Types of responses ohtained

Fig 7. Characteristics of responses with
cubic nonlinearities in sideslip
and a roll-damper

Fig 2. Bffect of gravity terms on responses

The assumption that the gravity terms do mot have a significant effest on the basic atability
parameters has been shown to be justified by computing the responses using the complete squations of sotioa
given in equations (26), (27) and (28). The gravity terms introduce sn oscillation of comstsnt smplitude,
and frequency squal to the mean roll rate about the equilibrium states as shown in Pig 2.

The linear stability boundaries, obtained for gravity terms neglected, are shova as dashed lines
on Fig 3, in terms of the bifurcation line, v, . rorn-uroudlqcrm.‘t&. i emall
\ .d e .

equilibrius state, the response is a divergent oscillation (unsteble, Fig %),

the magnitude of the equilibrium state is incressed beyomd %.. At higher valuss o She Tespoase
sbout smell equilibrium states is etable, but increase v, would 1eed to & dive ‘cstfilitten.
The exponential mode also exhibits sero damping, (Fig %), mbmm. %y indfostes W
saplitude of the equilibrium state having a neutrally stadle {constant) mode. :

N S e
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Fig 3. Coamparison of linear and nonlinear stability bounderie:

The nonlinear analysis gives the boundaries
shown as solid lines in Fig 3 (replotted from Mg 1),
and for this analysis about the zero equilibrium
state, it is possible to include the gravity terms.
It is readily seen that the "critical" amplitudes
are approximately twice those obtained from the
linear analysis, as implied by equation 37.
Computed time histories confirm this relationship,
for the divergences shown in Fig &a, and more o,
convincingly from results obtained at Cranfield
in Fig &b for the amplitude of the limit cycle
about different equilibrium states. Thus for this
type of nonlinearity, (confined to ome state
variable), the local linearisation technique for
reaponses sbout the non-zero egquilibrium state,
and the nonlinear analysis of responses at the zero
steady state give related information in terms of
critical amplitudes of the responses.

<

3.2 Inartis Cross-Covpling

Por nonlinesr dynemic systems, it is possidle tu..-uumm-tsm”.ﬂ.t‘i&m
independent of control settimgs. If the mathematical Model is written ia the
(13) snd (18), then the conditica for these autorotaticnal states is

A&)“o.
The solution of the determinantal equatiom or linear and some second-order servdyssmic forces sad scawits
has besa discuseed in Section 2.1 and gives the auto-rotatiomal states associated with imertia crose-
coupling. m-mwmmtmnunmmmmtmwdmn.h
perticular vhether a stable response is possibdle. Aa extensive study has been made bWy for three
m.md‘mmmmmmtmotmfmdmumua(ﬁ)c In the aotation
of Section 2.2, the matrices defined in equations (18) to (21) for this mathemtisal nodel are:

k|
E
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A,‘(;.). o P, o 0 o A
-p. o [¢] o [+
1y, 0 0 1“§.+bxq’
() ] 0 0 b ,_'9.
0 nwp. o b, 0 J
. -
Bo = [+] yg o]
31 o o]
0 1€ 1‘
ln 4] [+
| O nE n,
Az(_x_‘ Jaf O o \A o o }
o 0 -~ o 0
[ ]
[s) lw'o +lm Ty o] bxr. [+]
(o] 0 bxq‘ 0o
L © Y b,remwv‘ 0 0o
Ba(g.)- K 0 0 o 0 “
0 0 0 (4] 0
0 0 153;0 1) [+]
[+] [¢] 0 o 0
| o 0 LI o o | (ar~
The sutorotational states satisfy the determinantal equation
le A, (;_)I 0, (43)

and their stability is given by the roots of the equation
le +ALR) v A(x) -l =0 (hb)

Thus, autorotational states of low megnitude can be expected to have near-szero roots, since the matrix Az(h)
does not contain roll rate (which is the dominant parsmeter), and so does mot affect the eigen values
of the matrix significantly.

The equilibrium states, for non-zero control settings, have stebility charecteristics defined
by equations (22) and (23), and the bifurcation surfaces with sero dasping oan be expected to be near any
autorotational states of ssall msgnitudes, This is demonstrated in Mehrats results, as in Pig Se.
The sutorctational states are found to be unstable st p_ ™ +180°/sec, and stable at p_ w +h00"/seo o
whereas the bifurcation surfaces for various cosbinati of control settings all 1ie"near B = ¢1b /evc,
The control laws designed by Mehra cannot change the magnitudes 8! the autorotational states, the
resulting bifurcation surfaces are again very close t0 p. = 3180 /sec (Fig 50). These charsoteristios
are thus largely independent of control setting, and so t seons sdvisadle in future work to investigate
first the stability charmcteristics as funotions of the equilibrium state variadles, and then check
whether oritical equilibrium states are achisvable with the comtrol powers availsble.

e T T
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33 Spinning Motion

The ideas suggested by Pi.nsker1° for a unified approach to the determination of autorotational
rolling and spinning states can be applied to the forms of mathematical model discussed in Section 2.1,
and work is continuing to investigate the relative accuracies of differeant approximations. Preliminary
work indicates that it may be poasible to express stability criteria in terms of the equilibrium states
for some of the usual forms of aerodynsmic nonlinearity occurring at very high mglu of attack, so it is
hoped to explore this concept further.

A research programse is in progress at the ans. using wind-tunnel and free-flight models of a
research configuration to provide experimental data to be used in the investigation of mathematical
modelling at high angles of attack. Although the form of the mathematical model is not being restricted
to types which are smenable to the analysis described in Section 2, the opportunity is being taken to test
various approximations for the prediction of flight characteristics.

The research configuration is shown in Fig 6. The basic research progremme entails tests at low
speed, but the design of the model has alsoc been influenced by the need for utilfutory onmmm

Mg 6. Geoxetry of the High Incidence Research Model.
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at trensonic speeds, 80 the wing has a modern supercritical seotion, and planform to give.geed .- =
performsnce. A canard configuration was chosen, being typical of new designs for high perférdence, But
a separete talilplane was retained as the aft oontrol for ease of mammfaoture., .A single fim with swdder
was sised to give adequate directiomal stability at modarete sngles of attack. The camsrd snd tailplane
surfaces may both be moved differentially for roll oontrol and sideforce control 4if requived,

Analysis of the static wind tunmel tests n-m,mtm&. and the results iadicate that
the free-flight models should be controllable up to &m30 with a simple on-board stability aungmentatios
system. Wind-tunnel tests using the oscillatory rig at RAE have been completed, and the model is also
being used on the rotary rig at Bie Warton. Ourreat work is to establish mathematical models at warious
levels of approximation, such as linearised asrodynsmic. derivatives, then nonlinear static characteristics
dus to angles of attack and sideslip, then nonlinear rotary charagteristice due to roll rate, and also to
establish a mumerical data base for repressutation of the basic results from the wind tunmels, All of
these mathematical models will be used to predict flight behaviour, obtaining both computed responses and
calculated stability characteristics. This information will then be used to design various active
control systems, and to design the free-flight experiments.

The free-flight models are being built at the 2.25 scale of the definitive wind-tumnel model, and
it is planned to conduct preliminary trials in the UK later in 1982, preparatory to the mein series of
trials to be conducted in the US jointly with NASA Dryden in 1983. Several types of control imputs will
be applied, deaigned to give responses suitadble for deriving asrodynamic data using parsmeter identification
techniques, or for establishing departure bounduries, or for dsmonstrating spin charecteristics and spin
recovery, or for testing the active control aystem. The models will be flown initially with about %
static stability, but a relaxed stability system will also be tested with about 5% static instability, up
to and beyond departure from controlled flight. There should also be sufficient data for some analysis
using system identification techniques, to establish the form of mathematical model needed to represent
departure characteristics adequately. The predictions using nonlinear mathematical models should give
some insight to the types of nonlinearity which nead to be represented in order to give the cbserved
departure characteristics, and so provide some guidelines for the system identification.

5 CONCLUSTONS

The application of two analytical techniques developed to determine the stability characteristics
of nonlinear equations of motion of aircraft has demonstrated that results can be expressed in terms of
the magnitudes of the response variables for some particular problems. The stability boundaries are thus
not directly dependent on control settings, and so may be interpreted generally for all types of
manoeuvres. The nonlinear stability boundaries also indicate which type of departure may be encountered.
A research programme. is briefly described, which will provide data from wind-tunnel and free-flight
experiments to be used in the prediction and analysis of nonlinear phenomena at high angles of attack.
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EFFECT OF CONTROL SYSTEM DELAYS ON FIGHTER FLYING QUALITIES®

by
Rogers E. Smith and Randall E. Bailey

Arvin/Calspan ATC
Flight Research artment
Buffalo, New York 14225

The flying qualities problems of the latest fighter-aircraft are most often
related to the time delsy which ts introduced into the flight control system by the
advanced, typically complex, control system design. The intent of this paper is to
confirm that time delay has 2 significant effect on fighter flying qualities, both
longitudinal and lateral. Existing flying qualities research data from in-flight
simulators are used to demonstrate this point. Typical sources of flight control
system time delay and the methods of time delay '"measurement” are reviewed. Finally,

e spplication of several candidate flying qualities evaluation criteria or require-
ments, which are applicsble to highly augmented fighter aircraft, is discussed.

INTRODUCTION AND PURPOSE

Fighter aircraft with advenced flight control systems which essentially depend
on electrical signals to communicate the pilot's commands to the control surfaces are a
reality. Examples are the F-16, YF-17, F-18, Tornado and AFTI/F-16 aircraft. For today's
advanced fighter aircraft, the capability exists to tailor fly qualities for diverse
mission tasks through use of high-authority electronic augmentation systems. Unfortu-
nately, the potential of this expanded technical capability has not been realized - in
tf:;ct.lgev flying qualities problems have often been created in the process of solving

e old ones.

These new flying qualities problems are most often related to the aircraft's
initial delay in response to a pilot input. This delay is introduced by the advanced,
and typically overly lex, flight control system design. The source of these time
delays can be from thmghcr order complexity of the flight control system design or,
in the case of digital systems, the inherent digital time delays. Digital flight control
systems tend to be the worst offenders since the power of the computer unfortunately
encourages the daoifn of very complex control systems. For fighter aircraft, even appar-

ay.

entg small time delays can cause a dramatic degradation in flying qualities for precision
tasks.

The purposes of this paper are to:

e Review the sources of time delay in typical fighter flight control
gystem designs and discuss the various methods which are used to
"measure" the initial delay to a pilot inmput.

® Confirm the fact that time delay, either pure or equivalent time
delay., 1s a significant flying qualities parameter.

Evidence for this point is drawn from pertinent ﬂfhtcr flying
}uautiu research data which includes longitudinal and latersl

lying qualities dsta for fighter precision tracking (Flight Phase
Category A) and landing (Category C) tasks.

® Discuss the available design criteria or specifications with which
the effects of control system time delay on fighter flying qualities
can be evaluated. In particular, the importance of relying only on
data for realistic "highly stressed" precision tasks is emphasiged.

WHAT IS A TIME DELAY?

The pilot of any aircraft, but particularly the pilot of a fighter g:rfoming
precision tasks, wants a response to his stick input immediately. Any delay the
response to his input detracts from his ability to perform the task; it interferes with
his ability to coordinate instinctively his brain (desirad response), hand, and the
observed aircraft rug:nu. His tolerance to delay in the response to his input has
i::tu. particularly for precision tasks such as tracking, refueling, formation, and

Modern ﬂ?tor aircraft with advanced electronic flight control systems are
especially vulnerable to problems related to excessive time delay which can cause serious
flying qualities blems. This time delay can coms from a variety of sources in the
typical advanced Ilight control systea,

*‘nn NT-33 aircraft research work used in this paper was s rted under contract by the

A%t«! States Air Force Flight Dynamics Laboratory, Wright-Patterson Air Force Base,
ol
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Sources of Time Delay

By definition, a system which r:groducu the exact form of an input after a
specific interval of time is defined as exhibiting transport ting delay or pure time

delay. In Laplace notation, pure time delay is expressed as ¢ The initial response
delay of today's fighter aircraft to pilot commands is not, however, due solely to pure
time delays. Additional delay in the aircraft's relgonse occurs from sources which do

not, by definition, exhibit pure time delays. The pilot is, of course, concerned with

the overall delay of his input which is the sum of any pure time delay and the "equivalent”
time delay from other sources. There are three sources of time delay which are the primary
ctinltttﬂimtora to the total delay exhibited in the initial response of today's aircraft to
pilot inmputs.

o Digital Computational Delay:

It is a source of pure time delay in flight control applications
and regreunta a potential penalty to attain the advantages of the
digital system; in general, this contribution to the overall delay
is not significant.

] Sampling Delay:

It is a part of a digital flight control system where the system
input and response data must be sampled. The amount of pure time
delay associated with this source is a function of the sampling
rate and the time that the input is made. Typically the delay is
assumed to be one-half the sampling interval (Reference 1). The
differences between sampling rate delays and computational (pure)
time delay are graphically illustrated in Figure 1.

° High Order System Equivalent Delay:

It is the consequence of cascading dynamic elements in the flight
control system and is the major cause of control system time delay.
These elements may be related to the required filtering or to the
design strategy of the flight control system.

As a simple example, the response of a first-order lag filter to a
step input is shown in Figure 2. Note that the response does not
exhibit any time delay; however, cascading two first-order la
filters creates a finite time delay. Thus the addition of a first-
order prefilter (and associated phase lag) can add time delay to a
c:nttodilsystem even though the element itself does not exhibit pure
time ay.

This last source of delay is often referred to as "equivalent" time delay.
While this modifier is descriptive, it is necessary to specify how the equivalent time
delay is "measured". A review of the techniques typically used to measure time delay
is therefore in order.

‘Measures" of Time Delay
° Visual Time Delay

Visual, or "eyeball" time delay is the period of time for which the response to
an input is essentially zero. For example, the delay in the response for the cascaded
system in Figure 2 is obvious. In reality, the period of time during which responses are
below the pilot's threshold of perception can be viewed as time delay. However, the
measure of this visual time delay is not very precise since it is a function of the size
of the input and the scale of the time history. It is, therefore, not a very useful
method of characterizing the overall time delay of a control system.

° Equivalent Time Delay

The equivalent time delay of the flight control system can be "measured” by
matching the frequency response of the complex system over a specific frequency nnio
with a classic low order model. A simplified example is illustrated in Figure 3. For
example, the constant speed pitch rate response low order model 1is:

N
—rge Fpg (“1/1’02,)

%ss B Hgaparug’

Where Pps is the pilot pitch force input,
tp 1is the control system equivalent time delay,
Cpo Wgs 1/t° are the equivalent short period and 1/1'°
2y 2

parsmeters, and
ll" is the pitch control sensitivity.
8
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Thus, the more couplex pltch rate response of an advanced aircraft is reduced
to a "classic" low order form using a garmter optimization process across a frequency
range of interest. In this fashion, the equivalent control system time delay is measured
(see References 2, 3 and 4 for details). A cost function is calculated to gauge the
"goodness of fit" or degree of mismatch between the actual and low order model. To
extract this measure a frequency response of the system is required; these data can be
obtained rather precisely by judiciously porturb:lng the aircraft at discrete frequencies
using automatic sine wave 11;_{\:3:- (Reference 5). Alternatively, the application of Fast
Fourier Transformations to flight data generated by a varisble frequency sine wave-type
inputs has been proposed for military specification comgl:lnnce (Reference 6). This

uivalent time delay is a measure of the delay from pilot input to aircraft response.
Since the model assumed has no initial response delay, the equivalent delay is also a
measure of the delay from pilot input to the control surface. Equivalent systems match-
ing of control system elements alone has also been performed (Reference 7).

Flight control system elements with natural frequencies aiﬁificantly higher
than the dominant airframe natural frequencies introduce only phase distortion and produce
time delay without affecting the equivalent frequency of the response. The effect of low
frequency elements is to distort both the phase and amplitude in the frequency range of

interest and both equivalent delay and frequency are affected.

o Effective Time Delay:

Effective (to distinguish from equivalent) time delay is derived directly from
s time history respongse by the maximum slope intercept method. This measure is the differ-
ence in tiucrgetween the application of a step input and the intersection of the maximum
51050 tangent to the response (Figure 4). The effective time delay measure (Reference 8
to 10) does not require an assumed low order model but the value of delay calculated is a
direct function of how the initial response differs from a pure first-order lag-type time
response.

Comparison of Time Delay 'Measures'

For flight control systems with high frequency dynamic elements, the time delay
measured using either the maximum slope method (time domain) or the equivalent system
method (frequency domain) are essentially the same. The two methods, however, produce
different time delay measures when low frequency dynamic elements are present in the
flight control system.

Since today's fighter aircraft have flight control system designs which can have
both high and low frequency dynamic elements, the measures made by the two techniques are
not typically interchangeable. Flying qualities design guidelines or specifications based
on time delay measures must therefore be applied with this caution in mind. The time
delay measurement technique must be clearly specified. To illustrate these points consider
((:::giguratigs)s-fi and 5-3F1 from the NT-33 Lateral Higher Order System (LATHOS) program

erence .

The simplified roll rate to roll stick force transfer functions of interest are:

2. . (P/Fps o8
PAS (0.35 @ + 1)(0.035 & + 1)

e 5-3

e 5-3F1 _p. - (p/’As)u
L (0.15 8 + 1)(0.1 8 + 1)

where (p/F,g),, 18 the steady state roll rate per pound

Each configuration transfer function also included a 60 rad/sec second order
actuator and a 200 rad/sec first order system filter which are not shown for clarity but
which are included in the time histories and time delay calculations in Figures 5 and 6.
The only difference between the two configurations was the increase in the roll prefilter
time constant from .025 to .10 sec. The new prefilter smoothed the initially abrupt roll
;e;gcln;ae of 5-3 (Pilot Rating, PR = 7) and produced a satisfactory aircraft (PR = 3 for

For Configuration 5-3 in which the control system dynamic elements are all
essentially high frequency, the calculated time delay and roll mode time constant are
nearly identical by both methods (Figure 5).

For Configuration 5-3F1 in which the prefilter affects both the phase and
amplitude in the frequency range near that of the airframe roll mode time constant, the
time delay is appreciably different from the two methods (Fis::. 6). Note that the
equivalent or effective roll mode time constant has changed to the prefilter. In
this case, the flying qualities cannot be related to the time delay increase alone since
the transient response of the aircraft has also been changed. More details on the extrac-
tion Ef»f in:orpre:ation of these parameters are presented in the major section on Evalua-
tion teria.



http://www.abbottaerospace.com/technical-library

184

EFFECTS OF TIME DELAY ON LONGITUDINAL FLYING QUALITIES

The purpose of this section is to confirm that control system time delay can
have a significant effect on fighter longitudinal flying Iualities for both Flight Phase
Category A (tracking) and C (landing) tasks. Substantiating data are drawn from recent
{lying qualities research programs using the USAF NT-33 research aircraft operated by
Calspan and the NASA Digital Fly-by-Wire (DFBW) F-8 aircraft. These ditas are specific
to fighter aircraft performing realistic precision fighter tasks. The criticality of.
the task in the evaluation of aircraft with control system delays is discussed further
in a separate major section.

Approach and Landing Tasks (Category C)

The effect on flying gualit:iea of adding delay to the pitch control system of
an otherwise good aircraft is illustrated in Figure 7. Sources of the data on the figure
are:

° NT-33 Landinf Approach Higher Order System (LAHOS) Program (Reference 11)
and McDonnell-Douglas "McFit" equivalent system parameters for the data
(Reference 12),

° NT-33 Equivalent System Program (ESP) (Reference 13),
® NT-33 PIO Suppressor Program (PIOS) (Reference l14),
® F-8 Approach and Landing Program (Reference 15).

For the first NT-33 program (Reference 1ll1), the additional delay was in the
form of hiﬁher order dynamic elements for which the equivalent delay was "measured" using
the "McFit" frequency domain method (Reference 2). For the cases selected, essentially
the same time delays would be extracted by the maximum slope method. The other NT-33
programs (References 13 and 14) utilized a combination of pure and equivalent time delay;
the total of the two delay sources is used in Figure 7. Finally, the data from the F-8
is based on the addition of pure digital time delay beyond a threshold basic value of
130 milliseconds (ms)., In each case the equivalent delay includes all the delay of the
control system elements. The constant speed pitch rate transfer function is of the form:

-1g8 MFES (a+1/t°2 )

2
PE 8 +2:Eu ap"""ls‘z

where, Foo is the pilot pitch force input,

) is the total equivalent control system time delay;
the values of i, and w, are essentially constant
for Level 1 for Zach sef of data and 1/t, 1is the
actual aircraft value, and 82

N, is the pitch control sensitivity.
ES

Summary observations from the longitudinal approach and landing task data are:

° Equivalent time delay greater than a threshold of approximately 130 ms
significantly degrades longitudinal flying qualities.

° The flying qualities pilot ratin% degradation, considering all the data
used, is approximately 1 PR for 25 ms of equivalent time delay.

[ Degradation is similar whether the source of delay is pure time delay
or equivalent delay from higher order control system elements or some
combination of the two delay sources.

® The results from the LAHOS program (Reference 11) for the very low short
period damping ratio cases 18 also of particular interest. For the low
daging ratio cases without initial delay, the pilot was able to land
without any Pilot Induced Oscillation (PIO) problems. Even though the
overall response was poor, he was able to develop a consistent control
strategy because the response to his input was immediate. With time
delay present in an aircraft, the tie between input and response is
broken which can lead to overcontrol and PIO's in precision tasks.

Tracking and Formation Tasks (Category A)

Unfortunately, a data base similar to that used for the pitch approach and
landing time delay discussion does not exist. Either the incremental equivalent time
delay was added in a fashion which also changed the equivalent short period frequency
significantly or precision tracking tasks were not performed,

Data sources from which some insight can be gained are:

° NT-33 Neal-Smith Program (Reference 16),
e F-8 Formation Data (Reference 15).

e
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For the Neal-Smith program, the additional delay was created by cascading
dynamic elements. Equivalent system parameters, including an equivalent time dslay, 'L
can be extracted from the data base using the "McFit" approach. Unfortunately, the
additional control system dynamics typically added an equivalent time delay and changed
the equivalent short period frequency. Therefore, for this data source, the effact of
time delay alone cannot be easily isolated.

Hodgkinson in Reference 2 used regression analysis to correlate the Neal-Smith
gilot rating data and calculate a sensitivity to equivalent time delay of cpgroxmuly
PR degradation per 50 ms of delay. Using the data presented in Reference 6 where the
Neal-Smith data were correlated using equivalent time delay and bandwidth frequency,
estimates of pilot rating sensitivity to time delay of 1 PR per 25-30 ms can be made
using some imagination.

The results from the time delay studies using the NASA DFBW F-8 aircraft
performing precision formation taskas indicated that the sensitivity to time delay beyond
a threshold of 130 ms was 1 PR degradation Eer 40 ms of delay. Investigations of time
delay effects on fighter lateral flying qualities (Reference 10) showed that the target
tracking -task was significantly more demanding than the formation task. On this basis,
it might be expected that a study using a real pitch tracking task would produce a
steeper flying qualities degradation with time delay which is closer to the approach
and landing pitch task results.

Summary observations from these limited longitudinal tracking and formation
task data are:

° Equivalent time delay greater than a threshold of approximately
130 ms significantly degrades pitch flying qualities.

° The fl{inﬁ qualities degradation, which can only be estimatzd
from the data available, is approximately 1 PR per 30 ms of
equivalent time delay. It is therefore estimated to be
approximately the same for both A and C Flight Phase Category
t:aats. More data are, however, required for fighter tracking
tasks.

EFFECTS OF TIME DELAY ON LATERAL FLYING QUALITIES

The purpose of this section is to confirm that control system time delay can
have a significant effect on fighter lateral flying qualities for both Flight Phase
Category A (crackinf) and C (landing) tasks. Data for this confirmation is drawn from
a recent flying qualities research program using the USAF NT-33 aircraft which was
specific to fighter aircraft performing realistic precision fighter tasks.

Approach and Landing Tasks (Category C)

~

The effect on flying qualities of adding delay to the lateral control system
gf an otherwise good aircraft is illustrated in Figure 8. Source of the data on the
gure is:

° NT-33 Lateral Higher Order System (LATHOS) Program (Reference 10).

In this program, a combination of pure and equivalent time delay was system-
atically added to the lateral flight control system; the total delay is used in Figure 8.
The equivalent delay portion would be "measured”" as the same value using either the
"McFit" or maximum slope methods. Assuming the Dutch roll mode is effectively cancelled
;nd the spiral is neutral, the roll rate to roll stick force transfer function is of the
Orm:

B Ty ’AS
Foo - o+177, )

Where, P AS is the pilot force input,

g 13 the total equivalent control system time delay, and the
value of Tz the equivalent roll mode time constant, are
essentially fconstant and Level 1 for the data set, and

1s the roll control sensitivity,

are: Summary observations from this limfted lateral npprq\ach and landing task data

° uivalent time delay greater than a threshold of approximately 12
ﬂgniﬁ.cmtly degrades lateral flying qualities. PP o1y 120 ms

U The flying qualities degradation, considering all the data i t
to be 1 PR per 30 ms ofscqui.vahnt delay. ne @ 1is estimated

) The trends exhibited are similar to the longitu 1
approach and landing task. ¢ longitudinal results for the

° The data base for this fligh; phase is small; more data are required.
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Other data in Reference 13 show a much greater tolersnce for lateral tims
delay than indicated by the data in Figure 8. A time delay threshold of tely
220 me is reflected by the Reference 13 data; the degradation rate is similar to that
of Figure 8 beyond the threshold. The data in Figure 8 were obtained using very real-
istic aggressive fighter offset landing tasks. It is hypothesized that the somewhat
less aggressive task used in the admittedly preliminary research program of Reference 13
may be the source of this large difference in delay threshold value.

Tracki Refusling and Formation Tas Ca A

The effect on the fly qualities of an otherwise good aircraft of adding
dela t%itho r:u control system is also illustrated in Figure 8. Source of the data
on the figure is:

. NT-33 Lateral Higher Order System (LATHOS) Program (Reference 10).

The same ground rules for the data described in the last subsection apply to
this discussion. Tasks for this flight phase in the experiment included actual tracking,
refueling and formation tasks. The data base gathered during this program was more
extensive than shown in Figure 8 and also included a study of the effects of combinations
of low-frequency prefilter and equivalent time delay. These data are discussed in the
major section addressing flying qualities evaluation criteria; the results used in
Figure 8 are restricted to the effects of time delay alone on an otherwise good aircraft.

S

Summary observations from these limited tracking task data are:

° The ssme threshold and degradation trend shown for the lateral approach
and landing data can be estimated.

This brief review of tgorcincnt fighter flying qualities data has confirmed
that control szstem delay, in the form of pure transport delay or an equivalent delay
from cascaded high frequency elements, is a very significant flying gmlit::lu parsmeter.
Obviously, the overall flying qualities of a fighter aircraft are related to many
parameters not just time delay.

Before the candidate methods for evaluating the flying qualities of ﬂghut
aircraft with advanced, complex, delay-prone flight control systems are discussed, it is
important to review the effects of task on the evaluation of these aircraft.

TIME DELAY, PILOT TECHNIQUE, AND THE TASK

The evaluation of highly augmented fighter aircraft with -gprcchble time delay

' in the initial control surface response to a pilot input is very much a function of pilot

' cechnizue and the degree of precision demanded by the task. For example, the flying quali-
ties of an aircraft with agpreciable initial delay may be satisfactory for the c'p;xto&ch
phase of the landing task but deteriorate dramatically near touchdown as the required
task precision increases.

The results from the NASA F-8 research program (Reference 15) clearly illustrate
the significant effect of task performance standard on the flying qualities effects of
pitch time delay (Figure 9).

. For the high stress gitch landing task, which included a lateral offset
maneuver and a specific touchdown zZone, the degradation in PR is much
steeper than for the low stress task. Also shown on Figure 9 are the NT-33
data (Reference 1ll1) for a similar task which correlates well with the F-8
high stress data.

o The low stress task involved a straight-in approach with no touchdown
. Zzone constraints; the data trends are similar to those obtained in a
b sophisticated fixed base simulator using the task and configurations
K . from the NT-33 program reported in Reference 11,

® An important point to be made is that realistic stress levels cannot
be properly replicated in ground based simulators. Flying qualities
evaluations of aircraft with complex, delayed responses to pilot inputs
cannot, therefore, be relisbly conducted on ground simulators.

The effect of pilot technique on the evaluation of f£ighter sircraft with sig-
nificant control system time delay can best be illustrated using an excerpt from the
discussion of the results in Reference 13, the NT-33 approach and landing program to
study equivalent systems.

"Previous flying qualities studies (References 1l and 17, for example) have
indicated that, for aircraft with significant control system dynamics, small variations
in pilot technique or task gctfomncc standard can result in dramatic variations in the
gilot rating data. These aircraft have been :Rgropruccly deseribed as having 1

flying qualities cliffs'. The results from s experiment also have examples of sig-

" . nificant variations in rating between evaluation pilots. Before any attempt is made to
; ‘} - analyze the data, the foll information should be considered.
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Pilot A, who was the pzT Y eV pilot for the overall program, worked
very hard to maintain a constant standard of task performance despits, in some cases,
the obviously poor flying qualities of a particular configuration. His flying te

was observed to be representative of typical fighter pilote. In contrast, the other
main evaluation pilot, Pilot B, sometimes demonstrated very specialized pilot techniques
when flying PIO prone aircraft. He is an exceptionally smooth and predictive pilot.
However, when 'backed into a task corner', i.e., when got into a situation vhere he
couldn’t use his adaptive technique, his performance was similar to that of Pilot A wvho
tended to fly in a more continuous closed-loop fashion.

Consider Pilot B's evaluation of Configuration P12 (Flt, 2073): This evalua-
tion is a classic example of the problems involved in flying qualities evaluations of
marginal highly augmented aircraft. Special techniques or task conditions can allow the
alrcraft to 'pass’' the evaluation but, when exposed to the real world environmsnt ané
placed in the hands of an 'average' pilot, the 'failure' can be disastrous. During the
evaluation in question, Pilot B flew the first two landi with no real difficulty
apparent - he was able to preglan his task and fly smoothly and predictiwely. On the

ird approach he inadvertently allowed the sink rate to get too high, too close to the
ground; urgem: action was required to prevent a very hard landing. The result: a full
stall, 10 feet above the runway - he overcontrolled badly because of the large time delay
in the pitch control system. When forced into a tight task his performance was the same
as Pilot A who had rated the configuration a 9.

Unfortunately, he blamed himself not the evaluation aircraft and, after flying
another approach and landing in which he was able to return to his predictive landing
technique, he gave the aircraft a 5 rating."

These flying qualities research examples illustrate that the evaluation of
today's fighter aircraft with complex, delay-prone, flight control systems is not easy.
The task and the standard of performance used in the task, as well as the technique of

the pilot, are critical factors; careful control of these factors are necessary for a
valid evaluation.

Examples from specific aircraft development programs also demonstrate these
points.

° F-18A: Initial design proved to be PIO-prone at touchdown dus to
excesgive initial time delay in pitch (Reference 17); these
flying qualities problems were only exposed when evaluated in

the high stress, realistic environment provided by an in-flight
simulator.

° Tornado: Serious pitch landing flying qualities problems were oxg:ud
mid-way through the real aircraft flight test program (Reference
18); pilot technique and task conditions exposed a "cliff" which
was related to excessive initial pitch time delay.

° YF-17: A serious pitch-landing PIO problem was exposed on the NT-33 in-
flight simulator which was not evident during ground based
simulator evaluations (Reference 19). The cause of the problem
was excessive initial delay introduced by a low frequency prefilter.

. Space Shuttle: Althou.%h clearly not a fighter aircraft, the results of the
initial free-flight tests (Reference 20) are pertinent to this
discussion. Serious pitch PIO problems, caused in part by excessive
initial response delay, emerged when the task became more stringemt.
The problems occurred on the last preﬂiggt test vhere the task was

to land on a real runway rather than the huge lake bed landing site
used in the first four tests.

In summary, we have confirmed that time delay is a critical factor in fighter
flying qualities and established that valid evaluations require careful attention to
the task details and pilot technique. Potential flying qualities evaluation criteria
which are applicable to fighter aircraft with complex, delay-prone, flight coatrol
systems are reviewed in the next section.

FLYING QUALITIES EVALUATION CRITERIA

For typical advanced fighter digital flight control dulgn. the initcial
response delay is made up of a combination of pure transport time delay and equivalent
or effective (depending on the "measurement'" method) time delay. The additional contrel
system dynsmics, or high order dynamics, consist of Hoth high and low frequency elements.
High frequency elements (high relative to the frequency of the principal short-term re- -
ugmo mode) introduce time delay but do not change the response shape; low

elema

nts contribute time delay (phase distortion) and change the shape of the responsa
(amplitude distortion).

A flying Auanuu roguirmunt or design criteria must, thevefore, deal with
the effect of the flight control system on thes overall aircraft respouse to a pilot isput.
The dimensions of the criterion must include both the time delay (purs and valent)
and the important equivalent aircraft response parameters.
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The p se of this section is to comment on several existing fly::: qualities
evaluation criteria or requirements applicable to aircraft with time de , in
particular, to present the time history criterion from the NT-33 Lateral Higher Order
System Program (Reference 10). :

U.S. Military Flying Qualities Specification, MIL-F-8785C (Reference 21) -

The present military flying qualities agociﬂ.catton. MIL-F-8785C, addresses
the evaluation of highly augmented fighter aircraft through the equivalent system msthod.
Unfortmtog. the type of equivalent system matching process is not specified, which
diminishes the usefulness of the specification. Time delay is addressed through specific
allowable d.h{ values and indirectly thro a requirement which limits the control system
surface phase lag at particular equivalent frequencies. , the lack of suitable -
tions for the equivalent delay measurement leaves the requirement somewhat ineffsctive.

The ]Ir.u.-imry suggested revisions of MIL-F-8785C, the Mil Handbook-Handling
Qualities of Piloted Airplanes (Dec. 198l), attempts to rectify some of these deficiencies.
The equivalent system method to be used is specified in detail and specific boundaries are
laced on equivalent time delay. Existing short-period frequency or roll mods time constant
undaries are used to evaluate the equivalent parameters. This arrangement is an improve-
ment but the lateral axis time delay boundaries are not yet defined in the document.

An alternate longitudinal requirement proposed in the handbook uses equivalent
time delay and a new parameter, open-loop bandwidth, to define fly ualities boundaries.
The criterion (Reference 6) uses an estimate of the equivalent time y called ¢ _;
sanple boundaries are shown in Figure 10. This criterion shows promise since it ddntains
the mcung.diumiozu of initial delay (1 ) and a metric (bandwidth frequency) which
relates to aircraft response. P

The concept of the bandwidth criterion is in effect an open-loop version of
the closed-loop Neal-Smith criterion (Reference 16). A deficiency which the criteria
share is the inability to account for the sensitivity of the predicted results to small
changes in the criteria constraints. This sensitivity is indeed the very system character-
istic which results in "flying qualities cliffs.” To be useful a criterion must expose
these problem aircraft configurations which produce "explosive" flying 2\:111:1” degrada-
t(::l.m vithiml) 1 changes in task performance standard (bandwidth) or pilot technique
compensgtion) .

Neal-Smith Longitudinal Flying Qualities Criterion (Reference 17)

A detailed description of the genesis and evolution of this criterion is beyond
the scope of this paper. szngly stated, the criterion is based on the assumption that
guctu pitch attitude control is essential for good flying qualities. Flying qualities
oundaries were developed thr correlation with in-f 12: simulation data which relate
to the closed-loop pitch atti task performance and the dynamic compensation necessary
to achieve an appropriate closed-loop bandwidth. The criterion assumes a simple closed-
loop pitch attitude tracking task and a desired bandwidth (degree of pilot task aggres-
siveness) which is a function of the task.

The criterion in its original form represents a very useful 1 tudinal design
guide for the evaluation of advanced highly augmented fighter aircraft. For a variety of
reasons, much effort has been expended to find alternative methods to do the same job done
by the original criterion. Altho the criterion is clearly not in a form to be used in
a flying gusutin specification, it works as well as any alternative method and is no
more complex to apply than the equivalent system method. It has the advantage of being
more directly related to the piloting task than other open-loop metrics. The criterion
allows the complets flight control system to be svaluated without the requirement for
equivalent parameter calculations. rther, evaluation of the interaction of initial
delay and aircraft response is handled in one step. For the Neal-Smith criterion, the
svaluation of the criterion output data is where the interpretation phase is found rather
than %n d;. inicial steps as in the equivalent system process; each approach has its
imperfections.

The criterion has been extended from the fi?lt.!' tracking task to the precision
landing task in a recent study reported in Reference 22. A version of the criterion
which 1s licable to the landing task was developed using the approach and landing data
base of Reference 1ll.

In sumary, the Neal-Smith criterion represents a useful longitudinal fighter
ﬂyu, qualities evaiuation criterion for both tracking and lending tasks. As s ted
in Reference 22, the criterion should be revisited and a suitable metric developed which

evalustes the sensitivity of task performance to in bandwidth. Refinement of
this cloud-l.oot criterion ? into a form suitasble for inclusion as a rensnt
fication is likely not practical.

in o 11 ities speci However, resoent 1lop-
asnts 1:1 2."‘ uuuo:.:! the equivalent system metheod ‘:{auﬂm MIL-F~8785C revision)
have crested npu of complexity which s the Neal-Smith spproach sppear more

Davel t of a closed-loop time domain criterion similar to the ftqmicy
domgia Neel-fSmith criteriom would be an riate research area. Systems with non-
1linsar festwres eould de properly evalua th such a oriterion.
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Equivelent System Criteris

As previously discussed, a longitudinal equivalent eystem un:u& has been in-
corporated into the latest milicary !1“ ?.uuu specifications (Refersnge 21) and
suggested revisions. The method -E:ci ied is the frequency rs e method ddnlogod
at the McDonnell-Douglas Company (Reference 3) and sometimes erred to as "MoFit",
Once the squivalent paramsters ars derived, y are compared with the & L bownda-
ries in the cification. Generally, the sames boundaries can be used  were original-
ly daveloped for "classic' aircraft.

Unfortunately, this method has recently evolved into a -u:h more complex pro-

cedure (gul MIL-F-8785C revision). In addition, it is surroundsd with contro-
versy related to selection of the appropriate n_/a valus for an evaluation. However,
the equivalent system method clearly has strong merit, For le, the study reported

rte
in Reference 22, evaluated the NT-33 LAHOS data base (Reference l1) using the original
equivalent system method with very good results. .

As noted in the discussion on MIL-F-8785C, the evaluation of the effects of
control system dynamics, including pure time delay, on fighter lateral flying qualities
is not well covered. The results of a recent NRT-33 in-flight evaluation program (Refer-
ence 10) are of interest in this area.

This lateral higher order system (LATHOS) experiment involved very realistic
tracking, refueling and formation tasks as well as precision landing tasks. A wide
variety of control system effects, including time delay and prefilter lag wers extensively
evaluated with different levels of roll damping. Correlation of these data was obtained
using a time history equivalent system approach.

The effective delay, ty,., (to distinguish from "McFit" equivalent delay) and
effective roll mode time constant, tp __, are extracted from ths roll rate step response

time history as illustrated in Figure 4. Finally, flying qualities boundaries on the
ipes VOTSUS v, et plane were derived using the data for the optimum command gain. The
5

time domain equivalent system results for the Category A tasks (tracking, refusling) are
shown in Figure 11. Reasonable separation of the data is achieved. As for the -
tudinal axis, a sharp degradation of pilot uting with time delay 4s evident. Based on
these data, the allowable time delay appears to be & function of the aircraft res e,
in this case characterized by the effective roll mode tims constant. Chalk in Refersnce
23 further makes the case that the allowable time delay and subsequent adation of
féyit;g qugl:lt::l.es is a function of the task performance standard (bandwidth) and the class
of aircraft.

In summary, equivalent system methods can be used to evaluate the flying quali-
ties of fighter aircraft with delay-prone, complex flight control systems. Flying quali-
tie; crit:ria based on equivalent system methods must include a definitiom of the method
to be used.

CONCLUDING REMARKS

The flying qualities problems associated with the latest fighter aircraft are
most often associated with control systems time delay. This delay is typically intro-
duced into the initial response to a pilot input by the control system design stratagies
which are now achievable with today's advanced high-authority electronic control systems.
In this %lper we have attempted to review the meaning of time delay and its effect on
fighter flying qualities. In sumary, the major points in the paper are:

e Control system time delay, whatever the source, can have a profound effect
on longitudinal and lateral flying qualities for precision fighter tasks.

e The allowable time delay and the rate of flying qualities adation with
time delay are a function of the level of task precision, pilot techunique and
the subsequent aircraft response.

e The time delay measurement method must be carefully specified and be a
part of any "equivalent system" flying qualities evaluation criteria.

e Exposurs of flying qualities problems related to time delay cen omnly be
accomplished with "high nt:rul:" realistic tasks. d 7

e Although the data base is far from complete, flyi ualities criteria exist
which, altho inmperfect, can be used in the duutgqproun to avoid the
flying qualities problems related to initial time delay.

¢ Control system designers should recognize that complexity generall:
results in greater mthl mz::n ll{: am‘-’?r’u htu,uvl.hnl ci-u
can contribute to the overall tial delay as perceiwved by the pilot.
Simple systems are genarally better.

e More fly:l.nt qualities data are required to understand fully the effects
of time delay on fighter flying qualities; in particular, the effects of
Ehe etfacts of dlgital Flight oomtrsl syoren mrrearireinot meil detined;
system
flying qualities alsoc dessrve moze .tm’:ton. Scce oo on flghter
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EFFECT OF CONTROL SYSTEM DELAYS ON FIGHTER FLYING QUALITIES
by

Captain J.T. Bakker
Royal Netherlands Air Force
Prins Clauslaan 8
2595 AJ 's~-GRAVENHAGE
The Netherlands

INTRODUCTION

In most of todays fighter aircraft the pilot's stick inputs during certain flight phases are
based upon information obtained from the Head Up Display (HUD). This information is generated by partly
digital systems with inherent time delays, which are not included in the control system time delays
described in the previous paper, although they may contribute to degradation of the flying gqualities.

These comments give an example of such time deleys existing in the F-16 aircraft. Apart from
this some F-16 control system modifications and their resulting impact on the power approach handling
qualities will be discussed.

HEAD UP DISPLAY TIME DELAYS

Under instrument conditions the pilot's stick inputs during the approach phase may be based
upon information from the HUD. In the F-16 the pilot has to maintain glide path and 13 degrees Angle of
Attack (AOA). HUD symbology is shown in figure 1. The flight path marker (aircraft symbol) shows aircraft
velocity vector. The AOA is shown by the position of the AOA bracket with regard to the flight path marker.
The flight path marker will lag (due to delayed aircraft response) attitude changes. This lag will be
minimal when attitude changes are made at a slov rate. It would be incorrect to regard this lag as a time
delay, because the pilot is aware of the lag and the fact that he should not consider the flight path
marker as an attitude indicator.

The delay in presentation of both the flight path marker and the AOA bracket is shown in
figure 2. The flight path marker information is derived from Vy, Vy and V; transmitted in digital form
from the Inertial Navigation Unit to the Fire Control Computer. Flight path marker computation takes place
in the Fire Control Computer, which transmits this data to the HUD Electronic Unit. AOA information is
sent from the AOA transmitter to the Central Air Data Computer. It is then transmitted in digital form to
the HUD Electronic Unit, where it is combined with the flight path marker information. The combined
symbology is sent to the HUD Pilot Display Unit.

Except the estimated delay of 20 milliseconds (ms) at the AOA transmitter, all other delays
are sampling delays. The same assumptions as in the previous paper are used, namely that digital computa-
tional delay is not significant and that the sampling delay is one half of the sampling rate. We then find
a total time delay of 30 ms for the flight path marker presentation and a delay of up to 50 ms in AOA
presentation. If the pilot's stick input is made to correct an AOA deviation it will be 50 ms late already.
Based upon the observations in the previous paper an additional control system time delay greater than
80 ms instead of the expected 130 ms will now degrade the flying qualities. This under the assumption that
visual display system time delays have the same impact on the flying qualities as control system time
delays.

CONCLUSIONS

Time delays in visual display systems may be serious enough to have an impact on flying quali-
ties.

Time delays in such systems should be part of future investigation and, if necessary, limita-
tions for such time delays should be included in the U.S. Military Flying Qualities Specification.

F-16 POWER APPROACH HANDLING QUALITIES

From the first days of the F-16 aircraft it is known that the aircraft possesses some
undesirable handling characteristics during the approach, landing and landing roll-out. One of the many
contributing factors to this undesirable behaviour are the control laws used in this flight phase. When the
landing gear is lowered the control laws change from a load factor command system to a blended AOA/locad
factor command system. The predominant AOA command provides the pilot with a clear air speed/AOA cue. If
the air speed gets slow additional stick force is required to maintain a given attitude. Some disadvantages
of the system are a reduction in pitch control precision and an increased response of the aircraft to AOA
distortions caused by gusts and turbulence. During the landing roli-out aercobraking is performed at
13 degrees AOA to slow down the aircraft. During this aerobraking the control system changes to ground
control lavs vhen weight on wheel switches are compressed. The air speed at wvhich this occurs is a function
of aircraft weight and centre of gravity (cg) position. It varies from 65 knows (light weight, forward cg)
to 135 knots {heavy weight, aft cg). With ground control laws the AOA signal is no longer used as a control
input. The transient causes an abrupt repositioning of the horizontal tail, which is noticable to the pilot
because a (controllable) nose-rise will occur.
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MODIFICATIONS OF THE FLIGHT CONTROL SYSTEM

Two modifications of the flight control system were made to correct problems in phases other
than the approach and landing phase. The horizontal tail area was increased to reduce the possibility of
a "deep stall" after a departure from the normal flight envelope. The second modification was a mechanical
repositioning of the horizontal tail (rerig) to reduce the chance of a violent pitch down when electrical
power to the flight control system is completely lost.

CONSEQUENCES OR POWER APPROACH HANDLING QUALITIES

The increased area of the horizontal tail causes an increase in sensitivity to pitch commands
as well as an increase in tail authority in the approach configuration. This results in problems in the
areas: take off, landing and landing roll-out. During take off the pilot now can raise the nose before the
aircraft is ready to fly. Due to the increased pitch sensitivity there is also a risk of overrotation,
vhich will cause the tail of the aircraft to strike the runway. The same problem exists during the landing.
Touchdown is normally made at 13 degrees AOA, but abrupt stick inputs may cause overshoots big enough to
strike the tail (at 15.5 degrees AOA).

Because of the increased tail authority the nose-rise during the landing roll-out at the
changeover to ground control laws was much more pronounced and, especially at high aircraft weight and aft
cg, sometimes not controllable. This resulted in tail strikes. The mechanical repositioning of the horizon-
tal tail further aggrevated the abruptness and magnitude of the nose-rise because of an increase in hori-
zontal tail travel at the above mentioned changeover.

SOLUTIONS

The solution for the nose-rise problem during landing roll-out was to increase the AOA signal
fade-out time from 0.1 to 1.1 seconds. This eliminated the problem.
The problems in the take off and landing phases were less easy to solve because they required radical
changes of the control laws. The blended ACA/load factor command system in the power approach configuration
was replaced by a pitch rate command system. Only above 10 degrees AOA an additional AOA signal provides an
AOA/air speed cue to the pilot. This AOA signal is also less dominant than the AOA signal used in the
present system (Fig. 3). The modified flight control system provides more pitch attitude stability at the
cost of AOA stability. Below 10 degrees AOA the aircraft is neutrally AOA stable, up to 14 degrees AOA
only a small amount of stick force is required to increase AOA and above 1L degrees AOA the stick force
required to increase AOA is raised with a factor 3. This results in a better pitch response of the air-
craft, which reduces the tendency to overcontrol. Additional benefits are that the aircraft is less
susceptible to gusts and turbulence, also undesirable pitch transients during landing gear selection are
no longer present.

Due to the various Air Forces using the F-16, numerous test pilots were involved in the evalua-
tion of the modified control system. Final teat flights have been completed and the decision to incorporate
the modified control system in the F-16 will be taken soon. Incorporation will be subject to high cost due
to the required hardware changes in the analog flight control system and the number of aircraft already in
service.

CONCLUSION

Any improvement to a flight control system will almost certainly create problems in another
area, therefore even small deficiencies in control systems should be corrected at the earliest possible
stage.
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Fig. 2 Flight path marker and AOA time delays

30

STICK
FORCE

10F

ZERO PITCH TRIM

~—— PRESENT
~ = = MODIFIED

10
INU e FEC  bioms
1 Huo
EU
r
ADA
cAaDc }J20ms
TX ~20ms

HUD
PDU

Fig. 3 Speed stability of present and modified system

19-3



http://www.abbottaerospace.com/technical-library

AN EXAMPLE OF LONGITUDINAL AND TRANSVERSAL OSCILLATION COUPLING s
THE EPSILON AIRCRAFT “CORK SCREW®

Author : J. IRVOAS
AEROSPATIALE
31053 TOULOUSE - FRANCE

SUMMARY

Few of the rules an aircraft manufacturer has to respect to meet the regulation flight quality
criteria warn him againat possible bad interactions which may exist between the classical ocecillstions
of an aircraft. Generally Dutch roll and incidence oscillation are modes which are so separste thet the
criteria attributed to each of them are specific and their analysis at the time of the sircreft design
is performed separately by uncoupling "latersl" and "longitudinal" equation. Hence the surprise when a
prototype military trainer aircraft manufactured by Aerospatiale "the EPSILON", revealed, during its fst
flights in spring 1980, a sustained oscillation which for want of correct name, in the conventional vo-
cabulary of the best authorities on flight mechsnics, was cailed "cork screw". All instrumentstione,
whatever the orientation of their aensitive axes, bore the sign of this combined movement of incidence
oscillation and Dutch roll.

This was the starting point of an analysis which required implementation of the full panoply
available to the engineer : wind tunnel tests on models installed on a "yaw-pitch" head simulation of
the phenomenon by modeling with six degrees of freedom.

An incidence oscillation and yawing combination criterion, the search for influent sircraft ar-
chitecturer and the implementation of a solution succesfully tested in flight on the preproduction air-
craft resulted from this analysis.

NOTATIONS
Cmp Gradient of aerodynemic pitching moment coefficient with sideslip
Sideslip
Cneg Gradient of aerodynamic yaw moment coefficient with incidence
oL Incidence
e Specific weight of the air
S Aircraft wing reference area
1 Aircraft wing reference chord
m Aircraft weight
€y Radius of giration in pitch
z Radius of giration in yaw
4 Gradient of aerodynamic lift coefficient with incidence

Cmq Gradient of aerodynamic pitching moment coefficient with reduced pitch angular velocity q V
Aircraft speed
Cyp Cradient of aerodynamic latersl lift coefficient with sideslip 1
Cnp Gradient of aerodynamic yawing moment coefficient with reduced yaw angular velocity r ]
CnP Gradient of aerodynamic yawing moment coefficient with sideslip
Yaw angular velocity

q Pitch angular velocity

Sd fin ares

1d Distance from the aerodynamic centre of the fin to the serodynamic centre of the wing.
PLAN

1. Introduction

2. The phenomenon on the prototype aircraft

3. Intuitive explanation of the phenomenon

4, Mechanical explanation : modeling of the phenomenon

5. Physical explanation

6. The solution : the production aircraft

1. INTRODUCTION

The tail cone design of the EPSILON, a two-seater economic initial trainer aircraft designed for
the French Air Force, presented a very particular problem.

This aircraft is characterized by a high power ratio provided by a single 300 H-P AVCO LYCOMING
propeller engine, allowing the aircraft to fly at 200 kts.

The prototype presented a Dutch goll greatly disturbed by the slipstream of such a propeller.
This led Aerospatiale to study the interaction of this slipstream with the aesrodynamics of the aircreft
with the greatest care. This study resulted in the preproduction aircraft design. This report desls with
this experience.

2. THE PHENOMENON ENCOUNTERED ON THE PROTOTYPE AIRCRAFT

The phennmenon accurred from the very 1st flights : either during stabilized yawing teats or du-
ring actuation of the rudder to identify the lateral charactaristics of the sircraft.

Whereas the Dutch roll converged slowly but steadily as expected on some occasions (sheet 2), the
convergence presented variations during other flights (sheet 3). Sometimes the divergence (sheet 4) wes
80 large that the yawed flight could not be stabilized.
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The defect mainly appeared in clean configuration on right sideslip. The phenomsnon appeared as
a "cork screw" movement to the pilot (sheet 5) : it wes a combined "yaw-pitch® oecilletion close to the

quadrature, the aircraft nose describing an almost circular anti-clockwise movement.

tred The amplitude of the phenomenon could reach a % 2° gideslip st 200 kts, associated with a ¢ 1,25¢
ncidence.

With flaps and slats extended, the defect appeered less clearly with a strong left sideslip, the
rotation was then clockwise.

3. INTUITIVE EXPLANATION OF THE PHENOMENON

0f course, the phenomenon can easily be understood when one is aware of the "aerodymsmic facts®
which occur. 1t is nevertheless necessary to link them to reacha logicel reasoning : a vicious circle hes
to be built, since we were dealing with a self-sustained movement. We are going to understand intuitively
that a combination of 2 aerodynamic facts is necessary, The first fact is an effect of the incidence on
the yawing-torque (sheet 6). Let us consider that the aircraft is side-slipping to the right, the wind
vane effect (return torque) being countered by an opposite rudder deflection (stabilized side slip).

Let us imagine a disturbance which makes the aircraft pitch-up (incressed incidence). A loes of
the return torque is mtgd, hence an increase in sideslip.

Let us continue immediately with the 2nd fact : an increase in sideslip causes a nose-down torque
(sheet 7). The increase in sideslip is therefore immediately followed by a decrease in incidence. At this
point in our explanation, the nose of the aircraft has described a semi-circle since its initial pitch-up
disturbance. The lower semi-circle can be explained in the same way from the nose down movement in which
we left our aircraft. The circle thus closes, and we can imagine that under some favourable conditions the
movement manager to become self sustained.

At this point in our "explanation", 2 questions avise for the enginer who wents to understand :
- what conditions are to be fulfilled for the movement to become self-sustained ?
- what causes the aerodynamic facts presented ?

We will try to answer these questions in the following paragraphs. The aerodynamics charecteris-
tics involved in this phonomenon Cm(e¢, @) and Cn (o, &), have been revealed on a model in the wind-
tunnel. In chapter 5 we will describe tHe important wind-tunnel test campaign which was carried out in
order to understand and cure the phenomenon.

4. MECHANICAL EXPLANATION : MODELING OF THE PHENOMENON

It is easy to answer the 1st question : what conditions are to be fulfilled for the movement to
become self-gustained ? Flight mechanics help us to do so.

Aircraft "modes” are usually analysed from its equations linearized and uncoupled into two sys-
tems : a longitudinal one, and a lateral one. A first approximation of the Dutch Toll and the incidence
oscillation is thus easily defined (sheet 8).

Linearization and uncoupling : two operations still used, but which will probably be given up
some day and be replaced by the bifurcation methods (ref. 1) based on the catastrophe theory. As we can-
not present our phenomenon using this method (1'0ffice National de Recherches en Aeronautique -ONERA-
is concentrating on it), we will go on linearizing.

On the other hand, we shall not uncouple, since the phenomenon we are interested in can precise-
ly be explained by a coupling between the longitudinal and lateral system. The coupling appeers through
excitation of the incidence oscillation by the sideslip (Cm@) and an excitation of the Dutch roll by the
incidence (Cng¢). As shown on Nyquist's drawing, the combination of these two couplings can cause a di-
vergent mode in the following necessary, but not sufficient condition :

Cnd o Cm P )0
Sideslip and incidence are then in quadrature. Nyquist's drawing on sheet 8 illustrates the case encoun-

tered in cruise around which Cnsl and Cmf are both negative. The incidence is a phase ahead of the
sideslip : the rotation of the aircraft rose, seen by the pilot, is indeed anti clockwise.

The aircraft modes, taking longitudinal-lateral coupling into account, are given by the charac-
teristic equation of the full system of linearized equation of the aircraft (sheet 9). For the sake of
clarity we have neglected the roll equation here : this is perfectly acceptable, because this simsplifica-
tion is generally justified at high aircraft speeds.

Uncoupled system modes, as we can see, are but a first approximation of the real modes : & 1st
approximation thet is sufficient in the case of the incidence oscillation, but rough in the cese of Dutch
roll in sofar as its proximity to the imeginary axis may well give rise to a divergence.

The sufficient condlitlon ﬂ;r it to appzat is thus oxprcsr {ohoot 10) 3
£ £¢c ¢
cnet.cap > ( s )(f"] Can +[c’) mq CyP +( fy) n | Cn
what was the situation for our aircraft with respect to this criterion ? (sheet 11), As we can see, all

the conditions to csuse a divergence are present ! the divergences met in flight were reproduced in simu-
lation (sheet 12).

It was the 1st time such a phonomenon occurred on aircraft manufactured by us. We therefore gave
in to our curiosity and sought to find out how they stood with respect to this criterion (sheet 13),

This table reveels seneitivity to any latent coupling of our EPSILON prototype. The low wvalue of
the product Cnp Cn’ of this sircraft is striking. Let us analyse the physicsl ceuses of this sensitivity.

5. PHYSICAL EXPLANATION

The sensitivy of sn sircraft to the phenomenon previously described depends on the respective
levels of the product Cn'.cm- on the one hand and of the product Cnyf o CQP on the other.
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5.1 Value of the coefficients Cn‘ st Cnr

The low values of Cnf and of Cnr are always sssociated with s smell fin sree (§d) or a short
fuselace (1d) : this is shown clearly on sheet 13. The low values of §d,1d are cherecteristic of s sin-
gle engine aircreft : this type of aircraft does not need a yaw torque to counter the failure of an off-
centered engine.

We think therefore that these sisple engine aircraft are more likely to pressnt our phenomenon.

This low value of coefficients Cnr and Cnfh however is not disturbing ineofar ss the coeffi-
cients Cnet and c-’ are small. This is what we msnaged to schieve on the production sircraft.

Let us try to see why these crossed coefficients were important on the prototype aircraft.

5.2 Valye of coefficients Cn& and C-‘

a) Influence of the incidence on the yaw torque (Cnof )
The numsrous wind tunnel tests have been carried out on very different configurations of the
model :

- with and without engine (airframe),

-~ with and without horizontal stabilizer,

- for various tsil-cone configurations,

- for various sideslip and various incidences.

These tests have revealed that the airframs presents a wind vane effect the gradient (cn’ of
which decreases under the effect of incidence : at strong sideslips (stabilized sideslips) the yaw ™
torque due to sideslip is thus elready very sensitive to the incidence. The addition of engines on the
model tends to extend the effect of the incidence and meke it more uniform in a wide renge of positive
sideslip (sheet 14).

This effect is naturally associated with the direction of rotation of the propeller. We shall
notice that the addition of an engine has an important effect only where the aircraft incidence increases.

The tail cone modifications we will deal with in the next chapter have reduced only slightly
this gradient Cne{.

b) Influence of sideslip on the pitching moment (Cn!l

We have noted in the wind tunnel that the pitch-down moment due to sideslip slreedy existed on
a model with no engine as well as on a model without horizontal stabilizer.

We notice this effect on all aircraft with low winga (EPSILON, A300). On the contrery, we do
not meet it on the model of our high wing aircraft project : the ATR 42 (commuter sircraft) The initial
characteristics of the EPSILON or ATR are not modified by their models being equipped with a horizontsl
stabilizer at the middle or top of the fin : the sideslip remsins neutral on the pitching moment of the
ATR ; it remains pitch down on the EPSILON prototype.

On the contrary, equipping the EPSILON and ATR models with a low stabilizer, corrects the Cm

effect : the sideslip pitch-down effect is hardly perceptible on the EPSILON (sheet 15) ; the sideslip
becomes even pitch-up on the ATR (sheet 16).

6. THE SOLUTION : THE PROOUCTION AIRCRAFT

Considering what has just been said, one will understand our line of action to cure this “cock
screw" phenomenon.

Action took place on two fronts :
~the fin efficiency has been increased : new area, new aspect ratio (see sheet 17),
-the horizontal stabilizer has been lowered, both because of its position on the tail cone, and of the
new design of the tail cone itself.

Wind tunnel tests of such a configuration have revealed a 25 % increase in coefficients Cn’
and Cny on the are hand, and a very important decrease in the coupling term product Cngf.Cm P » on the
other (see sheet 18).

All these modifications have brought the aircraft bach to an acceptable stebility range, pre-
senting a reassuring safety margin as indicated by the criterion we have defined.

Simulation tests have confirmed the validity of this rule (sees sheet 19). finelly, test flights
have proved that oyr line of action was justified. The production aircraft, built sccording to these pre-
cepts (see sheet 20) gives full satisfaction.

Our satisfaction is justified, all the more so as we have managed to resclve this problea while
keeping what had been judged to be good and plessant in the prototype flight qualitise.

Finally if we realize that the whole operation, from the discovery of the phenomsnon on the pro-
totype, to the demonstration of its cure on the production aircraft, lested only six months (including
Design Office anelysis, wind tunnel tests, menufacturing of a modofied tail cone), one will understend why
we condider this operation to be a success. EPSILON in now sold to the French Air Force which has ordered
150 aircraft. The 1st deliveries are scheduled for September 1983.

Ref. 1 : Use of the bifurcation theory in flight mechanics
ONERA - P. GUICHETEAU - Novembre 1979 - ref. RV 2/7225 SV.
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ADVANCED FLIGHT CONTROL DESIGN TECHNIQUES
AND HANDLING QUALITY REQUIREMENTS*

THOMAS B. CUNNINGHAM
RHBALL E. POPE

HONEYWELL SYSTEMS AND RESEARCH CENTER
P.O. BOX 321
MINNEAPOLIS, MN 55440
UNITED STATES OF AMERICA

1.0 INTRODUCTION

The piloting tasks of toaay's multi-surface high performance aircraft are becoming
increasingly complex. Accommodating multiple axes dynamic coupling has become more
altticult with the adaition of direct force control and promises to become more
altticult still with the introauction of thrust vectored propulsion systems. The
aaultional capablilities provided by direct force and thrust vectoring while increasing
weapon system effectiveness have introduced new requirements for handling quality
specitications. Central to the adequate treatment of these new requirements are
specifications which aadress the key element of multi axis dynamic coupling and high
level ot augmentation in the flight control system. These two elements seriously

challenge the utility of current handling quality criteria defined in Mil-F-8785B and C
ana in Mil-F-9490.

Hanaling qualities criteria as specified in Mil F-8785 B/C are defined primarily from
the aircraft transient response perspective. This assumes single input types of
stimuli and that eigenvalues of linear fixed point models (either closed or open loop)
are good indicators of the quality of response. Gain and phase stability margins as
aetined in Mil F-9490 assume decoupled loops which can be analyzed accurately one loop

at a time. Classical frequency response techniques aeveloped by Bode [l] and others
are the basis for this criteria.

The introduction of multi-input couplea dynamics poses a problem for both of these
criteria. Multi-modée command augmentation systems with high levels of augmentation
have introaucea new modss of response which do not easily fit into 8785 criteria. The
notion oL equivalent systems has been conceived to help address this issue. Dynamic
coupling 1n multiple control loops has also made the application of classical
technigues very ditficult, Stability margins as defined by 9490 can also be misleaaing
tor systems with significant dynamic coupling.

Over the last two decaaes, moaerh control technigues have offered the promise to
relleve the aesign problems acrompaiyying multi-input dynamically coupled systems.
Optimal control synthesis technigques, primary the Linear Quadratic Gaussian (LQG)

apptoach, are structurea to direc:ly aadress the multi-input transient reponse design
problem. '

Controi aesigns resulting from LQG synthesis were also initially thought to have very
attractive stability robustness properties|[2])., Additional research determined that 3

these properties hela only for the ®"full state" measurement case [3) which is difficult
to achieve in practice.

More recently, renewed interest in robustness has spurred a rediscovery of the
frequency domain as ap insightful medium for analyzing multj-input system performance
ana stability characteristics. Additionally, recent research has determined that
bandwidth may be a gooa indicator for specifying handling qualities for 6DOF systems
{4). '“he use of a “bandwidth hypothesis®™ criteria greatly facilitates design of
guicance and control augmentation systems because similar criteria can be used for
either manual or automatic loop closing.

The remainder of this paper is devoted to how modern control analysis and synthesis
techniques can be appliea in the frequency domain ana likewise tied to the bandwidth
consiaerations for hanaling quality criteria ana ride quality. Section 2 contains the
control perspective for multi-input multi-output systems. Section 3 discusses the use
ot linear guadratlc guassian (LQG) aesign techniques to meet frequency domain aesign
goals. An example ot a YF-4 (F-4 with horizontal cannaras) is presentea in Section 4.
Conclusions ana recommendations are made in Section 5.

2.0 CONTROL PERSPECTIVE
The tunaamental goals ot control of physical plants are:

o Desirea Command Response
o Disturbance Rejection

e —————————————

* The authors wish to thank the staff of the Systems and Control Sciences Group at the

Honeywell Systems & Research Center. Particular thanks goes tc Dr. Joseph E. wall and
Mr. Stephen G. Pratt who assistea in the design example. Research supporting the
concepts aiscussed herein was performed.on numerous internal research projects, US

Oftice of Naval Research contract N00014-75-C-0144 and US Department of Energy contract
ET-78-C~01-3391,
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We can ada the basic plant stability to this list if the uncontrolled plant is unstable.

The problem is to achieve these specified performance objectives from an incompletely
known aircraft in the face of uncertain disturbances. S8Such a problem invariably forces
the use of feeaback. The effect of feedback on aircraft performance is such an
important element of this approach that a review of the fundamentals is required. By
examining the properties of feedback in a general setting, without regard for the
technique used to generate the feedback law, the fundamental relations will become
evident. We will be highlighting the aircraft flight control problem, but utilize more
general concepts describea in mathematically rigorous detail in reference 5. We start
with a aiscussion of Flying qualities and Ride quality.

2.1 Flying Qualities--MIL 8785C [6] provides the basic specifications for good
tlying qualities. For commana reponse a popular interpretation of 8785 involves
requiring the C* response [7] to fall within the envelope of Piqure 1. This provides
the command response objective which will be fulfilled by the control system. This is
a well-acceptea criterion for rigid aircraft.

The envelope of acceptable time-domain response shown in Figure 1 can be represented
also 1n the freguency-domain. The control system must ensure that the actual aircraft
response talls within this envelope. To accomplish this objective, we use both
teeaback ana precompensation. In the frequency-domain, the effects of feedback

and precompensation are readily understood and separated. As discussed in detail in
sections 2.3 ana 2.4, feedback can reduce the uncertainty associated with our nominal
open-loop model over frequencies of interest. In other words, it "shrinks®™ the
envelope of frequency responses. We must use enough feedback that the envelope of
closed-loop responses is smaller than the design envelope. The size of these envelopes
yiela frequency-domain bounds on the "size"” of the loop gains. Precompensation is then
used to adjust this envelope so that it falls within the design envelope. In essence,
precompensation performs a band-limited inversion of the closed-loop system and then
inserts the desirea aynamics. Precompensation can be successful only after sufficient
feeaback has been applied. The feedback design process is explained in Section 3.

C° NORMALIZED

J\\\\\\\\\ T

Pigure 1. C* Envelope

2.2 Rice Qualities--There are a number of ide quality indices that are expressed
as rms values, as limits on power spectral density responses (PSD) or as weighted
integrals of PSD. The U.5. Air Force crew ride index is presented in MIL-F-9490 (8].
A axncoutorttinuox Dy is defined as:

172
t 2 2

D = ! W(E)! ' T (£) ) 6 (f)at 1

. } (£) L oM )

0.1
whete
Dy =  Riae discomfort index (vertical or lateral)
w(t) = Acceleration weighang function (vertical or lateral) l/g, Figure 2.
Tcglf) L Transmissibility at crew station, g/ft/sec
Ou?f) = Von Karman gust power spectral density of intensity (vertical or
lateral gust) specified in MIL-P-8785

£ = Frequency, Hz
£e =  Truncation frequency (frequency beyond which aeroelastic responses

are no longer significent in turbulence)
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For aesign purposes, the aiscomfort index can be used to generate bounds on the loop
gains to achieve acceptable aisturbance rejection.

2.3 Feeaback Improves Performance--A typical single-loop feedback situation
for (* response 1s shown 1n Figure 3. Here we have disturbances acting on an aircraft
to upset the goal of tracking the command C*.. We can express this goal as
maintaining C* errors smaller than a specified level, e,

IC* « C*.l < € (2)
DISTURBANCES D)
PREF
o ILYERED) SRROA i CONTROL
CONTROLLER ACTUATORS oo
- )

[
::qlo

Figure 3, C* Feedback Loop

it 1s assumea that measurements of C* are imperfect because of sensor dynamics ana
noise. In typical teeaback fashion, the sensed response is compared to the desired or
commanaeu value, and the error is used by a controller to generate a control signal to
arive the actuators on the aircraft.

Each of the elements of this loop can be representea by its transfer function relating
the LaPlace transform of the response to the LaPlace transforms of the forcing
function. The error response of the aircraft to commands, C*., disturbances, D, and
sensor noise, N, can then be developed by standard feedback equation manipulation.
Letting

Do = GpD = Disturbance as seen at the output C* in the absence of feedback,

L = GKT = Feeaback loop transfer function (i.e., transmission around the feedback loop)
ana

AT = %prye = T = C* sensor uncertainty we get:

(N#ATC'C).
- (3

AWy = X - R
(c*-c) = 13p W, - Q) T+L

Tnis eguation telates system pertormance to each error source. Its various terms can
be 1nterpretea either as amplituces of sine waves or, more generally as signal
spectra. In either case, four immediate consequences can be seen:

Consequence No. 1. The loop transfer function must be large to achieve small
errors. 1his follows from the first term on the right hand side of the error
equation. In fact, in oraer to meet our specified error level, we must have:

ID_-C* |
[

11+4L1 > (4)

Thus, at those freguencies where either the disturbance responses or the commands
are large compared with €, we require L to be large.

213
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Consequence No. 2. Model uncertainties (errors in L) must be small enough. This

tollows from both terms. Letting errors in L be AL, these terms require that 1 +

L + AL ¥ 0 for all frequencies and all AL. One way to ensure that this is

true is to require 11 + LI > 1ALl for all frequencies and all AL. This

is a statement of the robustness of feedback systems and quantifies the amount of 1
uncertainty which can be tolerated without loss of stability.

SRR A

Consquence No. 3. Sensor noise must be small enough. This follows from the second
term, which requires that:

|¥' < € whenever L >> 1 (5)

Conseguence No. 4. Sensor uncertainties (errors in T) must be small enough. This
also toliows trom the secona term, which reguires that

'-%2—' < T‘EE'T whenever L >> 1 (6)

This result specifies the uncertainty which can be toleratea in the C* measurement
at each frequency.

For various applications, aifferent ones of these consequences are are of dominant
importance.

2.4 Multi-inputs ana Multi-Qutputs--In the minds of most engineers, these
tunaamental conseguences of feeaback are associated with the classical single-input
single~output feedaback theory. 1t is not generally recognized that they are esqually
true for more complex multi-input multi-ouput situations. This has been made Clear by
recent research on extensions of classical concepts to multivarjiable problems {5).

o -c* 1
Consequence No. 1. o(I+L) > 3 £
Consequence No. 2. g(I+L) > 0 (AL)
Cunsequence No. 3 el N <
Consequence No. 4. sirtoam < ,'ci"
<

here G (°*) ana g (°) are the maximum and minimum singular values of the

1naicatea matrices ana il * || represents the magnituae (norm) of the indicatea
vector. o (°) ‘can be interpreted as the maximum gain which the matrix can produce
(at a rrequency) anua g (°) can similarly be interpreted as the minimum gain®.
These aetalls are discussed in more detail in reference 5.

andlhodiiion

2.5 Multiple Design Goals

In sections 2.3 and 2.4 we have discussea how to approach single and multiple input

teeaback control for a C* design effort. To incorporate riae quality into the design
we must expana the teeaback structure shown in Figure 3 to a vector performance goal.
This is shown in Figure 4.

+ HEEDACK ot
CONTROLLEN AR,
w ='-f> w

aiad o

peom

1 96" ¢ coumane
k * "\, ML acctLERATION m--nmmuum)

e
! 5)

0" DTURBANCE, ¢, AEFLECTES T8 C* QUTPSY
4 Dgn, SUTURSANCE, ¢, REPLECTES T o, OUTPHTY

' 4(:,,,"““,, sewoens)
)

Figure 4. Multiobjective Design Loop

Thathematically, we can express this ac:;(A)-lax 11Ax1) and g (A)=min | LAX) |
lixti=1 1ixll lixiiel TUIXTI
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The pertormance response weighting and ng is w(s). 7This is equivalent to the
"acceleration weighting function® for vertical vibration of Figure 2.

working these into our analysis we arrive at an expansion on our “"consequences of
teeaback."

Consequence No. 1

1D %11 1IC_*11  ilw(s) D__ 11
g(I+L) > max ° ,__° . ons
L] [ ]
W Ec Cc czq

conseguence No., &

g(I+L) > g (AL)

Consequence No. 3
1

[ Tn llf min {cc,,crq/lln(s)lll whenever L >> 1}

Consegquence No. 4

€
air-tam < c*

c

2.6 Graphical Interpretation--There is no need to delve into the intricacies of
matrix theory in order to understand the fundamentals of feedback. Performance can be
shown graphically by plotting the right hand side of consequence no. 1.

*

URCERTAIMITY

SAIN
L

\ N0 FEEDBACK
\ AtQUIRED
\ ¥
1 1 1
FREQUENCY (N2)

Figure 5. Design Objectives

Such a plot 18 shown in conceptual form in Figure .5. Magnitude vs. frequency on a
log-log scale has been plotted. Wind gust disturbances have been plotted according to
their effect on the C* output. Command spectra are included as the transform of the
aesireu response to C*-commands. Likewise, a ride quality boundary plot completes the
right hana siae of consequence no, 1l.

It the Oab line 18 insertea on Figure 5, Conseguence No. 1 can be used to aetermine
requirements on L. In particular, f£or those parts of the figure which lie below this
11ne, no teeaback 1s required, i.e. 0(L) can be less than 1 at those frequencies.
however, tor those parts which lie above the line, we require g(L) > 1 in order to
reauce errors to the e-level in the closed loop.

Consequence No. 2 also can be interpreted graphically. We recognize that for any
physical system, the uncertainty associated with a model of that system inevitably
becomes large at high trequencies. In order to ensure stability, the feedback loop
must roll-oft before the magnituae of the uncertainty reaches unity and it must
attenuate quickly enough. This attenuation rate is the uncertainty associated with our
cesign moael and is plotteu in Figure 5, Stability requires that o{L) lies below

this curve. :

These observations suggest that Pigure 5 can be used to determine graphically tne
suitability on any L, and thus of any compensator K, by directly sketching the singular
values of L. Buch a plot is shown as Figure 6. We observe that it is desirable to

Y e L e TN
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Figure 6. Trial Design

have the 0(L) lines follow as closely as possible to the disturbance or command

limits. This minimizes control authority. Also, we have a prior assessment of
component bandwidths in terms of performance specifications and the disturbance/command
environment.

This discussion has addressed fundamental feedback relations which must be obeyed by
any control system. These relations hold for all controllers whether designed with
moaern or classical tools. These fundamentals relate the size of disturbances and
commands to the size of the required control law. They provide a multivariable
generalization of classical single-loop concepts such as large loop gains give good
performance. To0 be successful, a design technigue must manipulate the shape of the
loop gains. The use of LOG synthesis to proviae these desired loop shapes is presented
in the next section.

3.0 CONTROL SYSTEM DESIGN

3.1 Feeaback Design Objective--The design objective of a feedback control system for
aavancea aircraft can be expressed in the frequency-domain in terms of properties of
the loop transfer matrix. In Section 2, we explained how model uncertainties and
reduced-order models impose limitations on the loop gains. Specifications on handling
gualities ana riae qualities were shown to translate into requirements on the loop
gains., Summarizing these discussions, the feedback design problem becomes one of
finaing a compensator K(s) which shapes the loop transfer matrix G(s)K(s) in such a way
that:

1. The loop gains g(GK) are high at low frequencies to meet the handling qualities
and ride gqualities performance requirements.

2. The loop gains 0(GK) are low at high frequencies to meet stability robustness
requirements, and

3. The transition, or "crossover,” between these two regions is accomplished in a
stable manner.

An important discussion of this third point is found in reference [5}. This frequency
aomain interpretation of the design problem was illustrated grapnically by the
multivariable o-plot shown in Figure 5.

s0 tar, we have describea the feedback design problem as a aesign tradeort involving
pertormance objectives ana stability requirements. This tradeoff is essentially the
same tor §180 ana MIMO problems. Design methods to carry it out, of course, are not.
For scaiar aesign problems, well-developed tools (i.e., "classical control") exist
which permit aesigners to construct good transfer functions for Figure 5 with
relatively little difficulty. Various attempts have been made to extend these methods
to multivariable aesign problems: "Single-loop-at-a-time® methods, the Inverse Nyquist
Array (9] methoadology, and the Characteristic Loci (10] methodology. These methous are
basea on the idea of reducing the multivariable design problem to a seguence of scalar
problems. It is shown in Reference (5] that these design approaches are not generally
reliable in achieving the design objectives shown in Figure S. The difficulty is that
the selected set of scalar design functions are not necessarily related to the systea's
actual feeaback properties. Further elaboration of this point and an example
illustrating the problem may be found in (5].
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A second major approach to multivariable feedback design is the modern
Linear-Quadratic-Gaussian (LQG) procedure. Honeywell has been deeply involved in
research in this area and has successfully applied the methodology to numerous
aerospace systems, from the 1968 flight tested B-52 LAMS Program to the C-SA ALDCS, the
YF-12 LAMS, the J-85 engine, and the P-4 lateral axis, the P-8C CCV, the HIMAT vehicle
ana Re-entry Guidance and control. These experiences have brought a fundamental
reinterpretation of the LQOG methodology. No longer is the methodology viewed as a le
to optimize time responses. Rather, it can be as an effective tool to do multivariable
control design in the freguency-domain. This new LQG/frequency domain philosophy is
discussed in the following.

3.2 LQG Loop-Shaping

A detailea description of the manner in which LQG can be used to solve multivariable
freguency-adomain problems is given in the reference [5]. The properties of LQG loops
which make effective for freguency-domain design are briefly summarized below.

We will aeal with the standard LQG controller configuration shown in Pigure 7. This
has the same structure as the generic control system introduced earlier in Figure 4.

In this figure, the controller is treated as an ordinary finite dimensional linear
compensator with a special internal structure consisting of a Kalman-Bucy filter (KBF)
cascaded with a linear-quadratic state feedback regulator (LQR). 8Standard symbols will
be used to represent these elements; i.e., the state space realization of G(s) is
composed ot the matrix triple A, B, C, the control gains are denoted by matrix K.,

the filter gains by K¢, and the weighing and noise intensity matrices by Q, R ans

s, 0, respectively.

(1] >y

L--- - e -—---------—J

Figure 7. The LQG Feedback Loop

The loop transfer properties of interest are those corresponding to loop-breaking
points (1) ana (ii) of the figure. Two other loop-breaking points, (i)' and (ii)®' also
are shown in the figure. These are internal to the compensator and therefore have
little direct significance. However, they have desirable loop transfer properties
which can be related to the properties of points (i) and (ii). We will concentrate on
points (1i) ana (ii)' and present the theory for these points. We return to points (i)
and (i)' at the end of this section.

FACT 1. The loop transfer function obtained by bieaking the LQG loop at point (ii)' is
the LOR loop transfer function Kc(sI-A)~

Fact 2. The loop transfer function obtained by breaking the LQG loop at point (ii) is
KG. It can be made to approach the LQR loop transfer function Ko(sI-A)~
arbitrarily close by designing the KBF according to a full-state loop transfer
recovery procedure due to Doyle and Stein [1l1].*

The significance of these facts is that we can design LQG transfer functions on a
full-state feedback basis and then approximate them adequately with a recovery
proceaure. This robustness procedure has been demonstrated for wing flutter control
112), anda RPV control design [13].

Full-State Loop Transfer Design--The intermediate full-state design step is worthwhile
because LGR loops have gooa c?assical progerties [14)-(16). The basic result is that
LQR loop tanfer matrices T(s) = K.(8I-A) *B statisfy the following return

aitterence identity (12] for all gzequencies we

(14T (Jw) J*R(I+T(Jw) ) =R+ [H(JwI-A) “1B)* [H(jw-A)~1B] (1

where HTH=Q>0 is the state weighting matrix. When the control weighting matrix is
a scalar times the identity, R=pI, the singular values of the transfer function T
satisfy**

* This requires the assumptions that G(s) is minimum phase and has at least as many
outputs as inputs
** Non-identity R matrices can be substituted in B by letting B' = BR/2,
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whenever the right-hand-side is much greater than 1[5). This means we can choose p
ana H explicitly to satisfy the low frequency performance conditions shown in Figure 5.*

The return difference identity (6) also guarantees that the LQR return difference
always exceeds 1, i.e., g[I+T(jw)]21l for all frequencies. This is a

‘multivariable generalization of avoiding the -1 critical point on the Nyquist Diagram

for scalar systems. It implies that LQR loops provide resonable transition or

“crossover" between the low and high frequency regions shown in Pigure 5.

Finally, we note that at high frequencies the LQR loop approaches

STy LR

Thas shows how the high frequency roll-off characteristics are related to p and H.
his 1$ a relatively slow attenuation rate and is the price the regulator pays for its
excellent return different properties. We recognize that no physical system can
maintain incefinitely a l/w characteristic. This is not a concern since T(s) is only
a aesign function ana will be approximated by the full-state loop transfer recovery
proceaure.

Fuli-State Loop Transfer Recovery--As mentioned earlier, the full-state loop transfer
function aesignea above for point (ii)' can be recovered at point (ii) by a modified
KBF design procedure.** Special noise statistics are used for the KBF design. The
arive noise intensity matrix is modified as = = g BBT where = is the nominal

noise intensity matrix and q is a scalar parameter. Then as q becomes large, we know
that the filter gain K¢ behaves in such a way to yieid 1oop transfer recovery for
point (ii). Mathematically [13]), K(s8)G(s) + Ko(8I-A)"~ 1B as q + =.

Basea on the above summary of frequency-domain properties of LQG controllers, the
tollowing simple loop-shaping procedure is suggested.

Step 1. Design a LQG with p and H selected such that the loop transfer function T(s)
meets performance and stability robustness requirements (Figure 5).

Step 2. Design a sequence of KBF's with modified driving noise intensity matrix ana
the parameter q alloweda to take on consecutively large values.

Step 3. Select an element of the resulting sequence of transfer functions. K(s)G(s)
+ T{s), g * ® which adquately approximates the desired functions over the
trequency range of interest.

All aesign ob)ectives incluaing nominal stability are then assured. Our conclusion is
that LQG represents a powerful, general tool for obtaining multivariable
frequency-aomain designs.

We have aiscussea designing a full-state regulator and then recovering the full-state

properties with a Kalman-Bucy Filter. We followed this approach because this is the 1
usual sequence one considers for LQG design. We note that the procedure also applies

to loop-breaking point (i) in Figure 7. For this point, however, the role of the ;
tilter ana the controller t e revergsed. We begin by designing a KBF whose loop

transter function C(sI-A)~ (at point (i)') bhas good frequency domain

properties. Then we design a sequence of LQR's which serve to recover this function at
point (i) [5). The equations for this alternate procedure are mathematical "duals® of
the ones given above. 7The subtle aifferences between the two procedures are discussed
in Ret. [17].

The aual proceaure, designing the filter first and then recovering the full-state
properties with regulator, is more compatible with the objectivel of this paper and
will be used for the control design task. It is illustrated in the following aircraft
aesignh example.

* it also may be necessary to appena additional dynamics. For example, to achieve
zero steady-state errors may require adaitional integrators in the plant. This is
eqguivalent to "trequency-dependent” weighting.

** The requitea theoretical assumptions are that the plant have at least as many
outputs as inputs and be minimum phase. In practice, the recovery procedure is
ettectaive as long as G(s) has no right-half-plane zeros below the crossover
frequency. The limitations on the achievable performance of feedback systems
because of non-minimum zeros is discussed in reference {[15].
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4. Alrcratt Design Example

To illustrate the specification interpretations of section 2 ana the LQG loop shaping
methoaology of section 3 a pitch axis control law design is presented in this section
tor a speclal version ot the F-4 aircraft. Using aata from reference 18 a single
tiight conaition tor the YF-4 aircratt (M=.6 at S5ea level) is chosen. The YF-4 has
twin horizontal canaras whach can be usea for teedback control. The short period moael
with actuator aynamics in state space form is

a -1.0504 .9915 .1232 -.0362 a
g = 10.80 -1.328 -16.434 6.34 a
§s 0 0 -23.0 0 Sg
. | o o 0 -20.0 3
[ o 0
+ 0 0 Ssc
23.0 0 Ec"]
L o 20.0

where the state vector is

a= angle of attack - rad.

g = pitch rate - rao/sec.

6g = stabilator actuator - rad.
[§c = canard actuator - rad. i
ana the input vector 1s

- -
§g = stabilator commana - rad.
§c = canara command - rad.

-

‘'he open Loop vehlcle 18 statically unstable with short period poles at -~4.464, ana
+2.066. Outputs available through sensor measurement are pitch rate, q, ana normal
acceleration, at the pirlot station, Nzy. ASsuming ho sensor dynhamic$ Or errors
(noise will be acaressea by proper attgnuation) these outputs are related to the
commana specitications-of C* ana ngp (for ride quality) as follows:

Cc* 324 1 q

Ny Q 1 nzp

Thias transformation of the senseda outputs to command outputs properly poses the problem
in the appropriate design form which is compatible with the block diagram in figure 4.
This allows us to view the design goals highlighted in figures 5 & 6. For this example
we have chosen to design a level 1 C* response (in addition to stabilizing the
aircraft), Verification of ride quality is beyond the scope of this example.

The form of the control aesign problem requires desired loop shaping at the outputs of
the plant. We must therefore use the dual design procedure of the steps outlined in
sectlon 3 ana start with the Kalman-Bucy filter (KBF) design. Recall that the
compensator, K(s), relates to figure 7 by K(s) = K (s8I-A+KgC+BKc)Kg. The KBF

aesign will aesign a portion of the compensator, C(sI-A)Kg, K¢, which is robust at

loop break point (i)'. We design a loop which is robust at point (i) with the recovery
step (the dual of step #4 in section 3) giving the control law gain, Kc.

For this simple example we have chosen the two singular values to have identical 1/s
roil ott trom .i r/s to 100 r/s frequencies ana crossover at 4 r/s. Applying this
aeslgn ana using the Honeywell ‘experimental computer aiaed aesign package (HONEY-X)
these yoais are approximately, but readily, achieved for the KBF loop as chosen in
tigure §. 7The aifterence between figure 8 ana aesirea 1/s rollotf is caused by the
requirement to stabilize the unstable vehicle with better than 6édb negative gain margin
12].

Having aesigned K¢ to shape the loops achieved in figure 8 we now must aesign the
optimal quaaratic control gain, K. AsS outlined in section 3. this is the aual of

the Doyle robust estimator [1l1). This involves sequentially lower quadratic weighting
of the control inputs in the LQR performance index.

without getting into the' intricacies of state space modeling ana Ricatti eguations this
exercise can be summarizea in figure 9. Figures 9a through 9c show the recovery
process for successively lower control weights.

Figure 10 shows the final feedback loop shape. This result was achieved after
compensator oraer reduction and aaditional low pass filtering applied to the 9¢
design. Specifically, the LQG design produced a sixth order compensator, K(s), i.e.,
tour states for the aircratt and two for integral control at low frequency in both
loops. 1hree of the compensator roots were pushed to high frequency in the design
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tocess. These can be eliminated through residualiszation. FPFinally, additional rolloft
0 eliminate sensor noise ana achieve added robustness to high frequency bending modes
was achievea by adding a 50 rad/sec low pass filter to each sensor loop. The point
here 1s that - when properly designed in the frcgpongxﬁdouaing&ggﬁdool not produce
complicatea, high order, compensators.

Consequence §#2 in section 2 contains a robustness requirement. Constructing the
apropriate uncertainty moadel AL is difficult and was not attempted here. The
singular values of I+GK do frovido robustness insight, however. Figure 11 shows the
I+GK singular values for this design case. Notice that at “w=1ll rad/sec. we have
g=.7. This can be viewed as the minimum distance to a multi-input multi-output
c:itical point (-1) ana has the same useful interpretation as gain and phase margins
have in the Nyquist plane for single loop systems. For example, g=.7 might be
interpretea as a gain margin of 10.5db (if we conservatively assume a phase of -180°)
or a phase margin of 41° (if we conservatively assume a gain of 1),

Such interpreations are mathematically meaningless. However, the point is that gain
ana phase margins are derivea from the notion of aistance from the critical point.
Proponents of Nyquist plane and Nichols charts interpretations of stability margins
implicitely know this. The minimum closed loop singular value, g, of I+GK is merely
a multiloop extension of this basic idea.

Finally, knowning that we are robust in frequency to approximately 2 hertz the final C*
aesign is completed with the appropriate preconpengation design for the pilot stick
ipput. Here the best approach is to examine the Co to C* closed loop transfer
tunction. For this design the transfer function is.

c* (S/.02+1) (S/1.06+1) (S/3.89+1) (§/5.28+1) (62/89.1+5/17.1+1)
C;(s) = (5/1.741) (5/4.17+1) (8/4.77+1) (52/109.445/5.941) (5/20.35+1) (5/41.8+1)

A pirlot stick shaping feedforward transfer function of

c* 758+1
g_c (8) = g._'._s_)____.
8 (s+l) (8/10+1)
proauces a level 1 C* response shown in figure 12 plus good pilot input attenuation.

4.0 CONCLUS1ONS

Conceptual aescriptions of U.S. military specifications, C* and ride quality, have been
given in the trequency domain. The control law designer can use his set of linear
analysis tools to analyze and aesign control laws to provide the appropriate balance
between performance requirements and tolerance to existing moael uncertainty. New
extensions of classical trequency domain tools for single input single output analysis
to multi-input multi-output systems have been discussed based on singular values.
Singular value loop shaping via a new interpretation of *"Linear-Quadratic-Guassian®
optimization is uiscussed. Finally, an example of the analysis ana design principles
18 presentea with the assistance of the HONEY-X software package.

Basea upon these findings numerous conclusions can be drawn:

o Frequency domain interpretation of flying quality specifications are very
meaningful to the control law designer. Guides for such interpretations (as
conceptualized here) should be developed.

[} Stability margins for multi-ipput multi-output systems based upon matrix size
meagsures, such as singular values, should be developed.

o Multi input synthesis tools need further development. LQG has demonstrated
its usetullness, however, more loop shaping properties need to be developed.

o We are past the age of analog computers and pencil and paper designs of single
loop systems. Souna, numerically stable, analysis and synthesis algorithms
are requirea to utilize the control law design methods described herein. CAD
tools such as HONEY-X are emerging - these should be expanded.

° Future updates to military specification to incorporate iaeas such as
describea here should be examined jointly by the handling guality and control
aesign specialists.
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ANALYSE DU ROLE DES ASSERVISSEMENTS POUR UN AVION SUBSONIQUE
A STABILITE LONGITUDINALE REDUITE

F. IANNARELLI

AEROSPATIALE
316, route de Bayonne
51060 TOULOUSE - FRANCE

SOMMAIRE

Introduits essentiellement pour restituer des qualités de pilotage acceptables & des centrages
arrigére, les asservissements de la commande de profondeur, grice a leurs nombreuses possibilités seront
utilisés afin d'améliorer au maximum le confort du pilotage de 1'avion.

Apres avoir prégsenté successivement les différents types d'asservissements :
- élémentaires : dont le r8le est de moduler la position des points fondamentaux de 1'avion,
- élaburés en pente : dont la fonction est d'assurer 1'autotrim de l'avion ou le maintien de la pente,
une adaptation & un avion 2 stabilité longitudinale réduite du type AIRBUS sera fournie.

1. INTRODUCTION

La conf:eption d'un avion de transport subsonique & stabilité longitudinale réduite permet d'escomp-
ter des gains en performances non négligeables, mais au détriment des qualités du pilotage d'un avion
qui resterait équipé de commandes de vol classiques.

La recherche de la consommation minimale en croisiére conduit 2 faire voler les avions & des cen-
trages incompatibles avec des commandes de vol classiques. La restitution de qualités de pilotage accep-
tables necessite 1'introduction d'asservissements dans la commande de profondeur. Toutefois, si cette
derni¢re peut 8tre mécanique, les possibilités offertes par ces asservissements ne seront réellement
exploitées qu'au travers de commandes de vol électriques.

2. RAPPEL DES PHENOMENES LIMITES RENCONTRES EN vni

On peut déterminer pour un avion différents points caractéristiques, tels que :
- foyer en vitesse (Fv)
- point de mangeuvre (Fq).

Pour un avion de type AIRBUS (bimoteur sous voilure), dont la position de ces différents points
caractéristiques en croisiére est donnée sur la planche 1, le recul du centrage au-delad de ces points
induira les phénoménes suivants :

- centrage de l'avion (XG) en arriére de Fv :
. avion instable en vitesse, .
. couplage entre oscillation d'incidence et phugoide avec apparition d'un mode apériodique pouvant
8tre i. stable et dont le taux de divergence peut g@ner le pilotage ;

- centrage proche du point de manoeuvre :
. diminution des braguages par g,
. augmentation des temps de réponse avion,
. augmentation du taux de divergence, soit une détérioration notable du pilotage.

Le positionnement du centrage en avant de Fv, imposé par des exigences réglementaires (stabilité
de 1'avion se traduisant par un effort au manche répondant au critére de la livre par 6 kts), peut ne pas
étre respecté dans une situation dégradée de pilotage aprés panne. Si on peut tolérer un certain niveau
d'instabilité pour un mouvement & longue période, il n'en est pas de m&me pour un mouvement 3 période
plus courte. Dans la pratique, cette situation qui ne se rencontre qu'aux centrages arriére, ou aprés
dégénérescence de la phugoide et de 1'oscillation d'incidence apparaissent des modes apériodiques insta-
bles, limitera la valeur maximale arriére du centre de gravité. Au-deld de cette limite le maintien en
vol de 1'avion, méme pendant quelques minutes seulement, risque dans certaines conditions de ne plus
8tre possible.

Nous verrons dans la suite de cette communication que 1'on peut considérer également un autre point
fondamental : le foyer en incidence (fo ), celui-ci permettant de caractériser l'amortissement de 1'oscil-
lation d'incidence.

L'on ne devra pas perdre de vue, lors de la conception de systémes déplagant 2 volonté les points
caractéristiques (Fv, Fx , Fq), que compte tenu de 1'éventualité de pertes partielles et totales,momen-
tanées ou définitives de ces aides, le pilotage de l'avion dit "naturel” doit 8tre pris en considération.

3. DEFINITION DES ASSERVISSEMENTS

Nous distinguerons deux types d'asservissements :
- élémentaires,
- élaborés,

3.1 Asservissements élémentaires

On appelle asservissements élémentaires les asservissements de la commande de profondeur :
3 la vitesse de tangage (q),
- & 1'incidence (e )
- & la vitesse longitudinale de 1'avion (V)
- & toute combinaison de ceux-ci (par exemple le facteur de charge (Nz)) utilisés tels quels, sans filtre,
par simple braquage proportionnel, soit par exemple :
8q (braquage de la gouverne de profondeur) = Kq.(q) + Ke( (A& ) + kv.(AV)
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Ces asservissements ont la propriété de conserver aux équations qui régissent le mouvement longitu-
dinal de l'avion asservi, la méme structure que celle des équations représentant le mouvement longitudi-
nal de l'avion naturel.

Une formulation matricielle de cette structure est présentée ci-aprés :

e 1 [ 101 [ 1 ]
AV/V tv ty ty ~0 | |aV/v tq ~0

° An

3 PV ~0 py O ¥ 0 ~0

= . + .

v PV N0 - 1 o 0 ~0

x P §a

?; mv 0 Mg mq q mey qu
[ ] L J1 10 .

La seule différence entre avion naturel et avion asservi résidera dans la valeur des termes mv, my ,
et mq : les asservissements élémentaires permettant de moduler 2 volonté ces coefficients.

On aura par exemple : my =mv +mbq . Ky

My =Mg +mbEq . Ky
m'q =mgq +mbq . Kg

Congervant une structure "naturelle", les points caractéristiques Fv, Fo , Fg, pourront 8tre redéfi-
nis pour l'avion asservi, ceci permettant de rattacher la valeur des asservissements & des réalités
"aérodynamiques"” .

A partir des formulations approchées donnant la position de ces points fondamentaux en fonction des
caractéristiques aérodynamiques principales d'un avion de type AIRBUS (cf. planche 2), pour illustrer
cette situation, il est fourni sur la planche 3 1'influence des asservissements sur la position de ces
points.

3.2 Asservissements élaborés

Nous verrons plus loin que les asservissements élémentaires, s'ils permettent de stabiliser 1'oscil-
lation d'incidence, d'uniformiser les efforts par g, de reconstituer une stabilité statique, en aucun cas
ne jouent le rfle d'autotrim. C'est su pilote lui-méme de trouver son braquage d'équilibre, celui-ci
étant trimmé afin de piloter autour d'un zéro d'effort.

Or, les variations du braquage d'équilibre sont fréquentes. Ainsi, chaque fois que la vitesse, la
configuration, la poussée, la valeur du vent évoluent, 1'intervention du pilote pour maintenir la pente
de vol & effort moyen ou menche nul est nécessaire.

Afin d'éviter ces actions pilote, on pourra automatiser cette fonction par des asservissements 2 la
pente, du type trim autometique ou maintien de pente.

329 Irim_automatique

Cet asservissement sommaire & la pente consiste & trouver la position d'édquilibre de la commande en
sortie d'un intégrateur dont 1'entrée est le facteur de charge normal nz compensé de la pesanteur, et
reconstitué & partir de la détection de l'évolution de la pente (cf. planche 4). A toute variation de la
pente correspondra une modification de la position moyenne de la commande, de fagon 2 assurer un vol &
pente constante.

L'intégrateur permet asu pilote de ne disposer que d'une seule commande de profondeur dont le zéro
d'effort correspond toujours & 1'équilibre, quelle que soit la pente de la trajectoire choisie. La sortie
de 1'intégrateur joue seulement le rOle de trim automatique, et non celui de maintien de pente, puisque
pour toute perturbation, 1'avion se restatiilise sur une pente autre que celle initiale.

Afin de remédier 2 cette situation, un asservissement permettant de maintenir la pente sélectée,
pourra étre rajouté. La commande ainsi réalisée sera du type maintien de pente,

322 Asgervissement du type maintien de pente

A partir :

- d'un asservissement assurant un trim automatique,
- d'un asservissement permettant de maintenir la pente sélectée,

on pourra réaliser une commande dont le principe est le suivant (voir planche 5) :

- sans action du pilote, l'avion suit une pente de référence imposée qui est celle acquise par 1'avion su
moment ol le pilote lache la commande,

- sur action du pilote sur le manche, par suppression de 1'asservissement Ky . (¥~ ¥ commandée), 1'avion
évolue suivant une commande de typec trim automatique.

4. ETUDE DES ASSERVISSEMENTS ELEMENTAIRES

Nous avons vu précédemment que les asservissements élémentaires permettent de déplacer les points
fondamentaux (Fv, Fg , Fq) de 1'avion. Cette propriété sera utilisée pour définir la valeur des asservis-
sements en évaluant le positionnement optimum de ces points fondamentaux en fonction :

- des ceractéristiques statiques (braquages par g et par V),
- des caractéristiques dynamiques (temps de réponse, amortissement des modes),

que l'on désire.
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4.1 Caractéristiques statiques

Les caractéristiques statiques, 3 savoir les braquages psr g et les braquages par V (relstion tra-
duisant la stabilité statique) sont directement proportionnelles respectivement sux distances FqXGC (marge
de manceuvre) et FvXG (marge statique). Nous nous proposons de rechercher ci-eprds le positionnement op-
timal des points Fq et Fv.

419 Positionnement du point de manoeuvre

Pour un avion de transport subsonique, compte tenu des différentes possibilités de chergement de
1'avion (passagers, fret, carburant), la position du centre de gravité peut évoluer d'un vol & l'autre
dens des proportions non négligeables. 11 en résulte une veriation de braquages par g entre centrage a-
vant et centrage arridre d'autant plus grande que le point de manoeuvre est avant.

On peut espérer réduire la dispersion des efforts par g entre centrage avant et centrage arridre en
utilisant une sensation artificielle d'efforts dont la raideur est modulable avec le centrsge de 1‘avion.
Pour un avion AIRBUS, en croisilre, pour des braquages par g variant avec le centrage dans un rapport de
1 4 2, on peut espérer des efforts par g quasiment identiques.

. Dans le cas d'un avion & stabilité réduite, la plage de centrage est décalée vers 1'asrridre, sans
pour autant que le point de menceuvre de 1'avion naturel soit modifié. Par exemple, pour un recul de la
plagt de centrage de 10 % de CAM, les marges de manceuvres, donc les braquages par g entre centrages a-
vant et-arriére, varient dans un rapport de 1 & 4.5, rapport difficilement résorbable par une sensation
artificielle d'efforts.

Donc, au.moins pour des problimes d'efforts par g, il sera nécessaire de reculer le point de menceu-
vre de 1‘avion, ceci pouvant étre obtenu par un asservissement de o , q ou nz. Un recul de 10 % de ce
point permettra de retrouver la situation de 1'avion AIRBUS (Cf. planche 6). Une solution plue astucieuse
sera de moduler le ddolacement du point de menoeuvre avec le centrage, le recul de 10 % n'étant atteint
que pour le centrage nnve arriére. Cette solution permet avec le minimum d'asservissement, d'homogénéiser
3 la fois les braquages et les efforts par g (Cf. planche 6).

Une autre solution pourﬂ'wiformiser braquages et efforts par g est tout naturellement de translater
de fagon importante le point de wanoeuvre. Cette solution n'est toutefois pas sans risque, car :

- 1'autorité du stabilisateur devient .importante, d'ol des problémes découlant d'un éventuel embarquement,
-~ les gouvernes peuvent s'agiter en turi:;sl‘ence,
- la constante de temps des servocommandes ‘impose une limite & la valeur de 1'asservissement.

412 Pogitionnement du foyer en vitesse

Compte tenu de la situation actuelle des réglemé?.ts\ de certification, il est impératif de justifier
d'un effort par V respectant le critere de la livre par & kts.

Dans le cas d'avion non asservi, pour certaines positidﬁs\tju foyer en vitesse, le respect de cette
exigence nécessitant 1'augmentation des efforts par V peut conoiire a durcir plus que nécessaire les
efforts par g, compte tenu de la dépendance entre les efforts par g et par V explicitée par la relation

suivante :
Effort/ AV/V Fv XG -
'E—f'fo'rt7nAz —~N2FYG M "

C'est, par exemple, le cas de 1l'avion AIRBUS aux faibles Mach. Toutefois, aux “ach élevés, la modifica-
tion de la raideur en profondeur n'est pas suffisante pour respecter ce critére. En effet, 1'évolution du
Cmg place Fv trop en avant, de sorte qu'il est illusoire de vouloir obtenir un effurt par V d'au moins

1 livre par 6 kts sans asservissement. On sera amené & utiliser un Mach trim qui repositionnera le foyer
en vitesse et qui permettra 1'obtention d'efforts par g corrects (Cf. planche 7). .

Cas de 1'avion & stabilité réduite

Pour ce type d'avion, le foyer en vitesse de 1‘'avion naturel peut étre situé en tous poirit‘:\d: domai-~
ne de vol en avant de la limite arriére du centrage. Il semble donc impensable de vouloir rétabli..une
situation correcte (effort au manche raisonnable et respect de la livre par 6 kts) sans l'aide d'asgsr-
vissements.

N
‘..

On pourra profiter de 1'utilisation de ces asservissements, qui,rappelons-le,peuvent &tre modulés
avec le centrage de 1'avion, pour réduire les efforts par g.

Avec un réglage de 1'ordre de 30 1b par g, une condition simple pour positionner Fv peut s'explici-
ter sous la forme suivante :

Fv XG > Ve (kts)
fq X6 = 360

493 Solution minimale pour le positionnement de Fg et Fv

Nous venons de voir que le respect des exigences attachées aux caractéristiques statiques conduit 2
définir une solution minimale pour le positionnement de fq et Fv.

Cette solution minimale pour un avion & stabilité réduite et dans un cas de vol & 250 kts est pré-
sentée planche 8, en tenant compte :

- d'un positionnement du point de menceuvre permettant d'homogénéiser les efforts et les braquages par g
avec le centrage (Cf. § 4.1.1)

~ d'un positionnement du foyer en vitesse assurant :

. le respect de la livre par 6 kts,
. un réglage d'efforts par g & ~ 30 1b/g.
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4.2 Caractéristiques dynamiques
429 Critére : temps de réponse

Les temps de réponse (ou périodes) de 1'oscillation d'incidence et de la phugolde dépendent res-
pectivement de la position des points fondamentaux Fq et Fv.

Ces deux points ont 6té positionnés au chepitre précédent en fonction des caractéristiques stati-
ques, dans une solution minimale. L'étude et 1'analyse des caractéristiques dynamiques permettrs eu
contraire de définir une solution maximele.

424 4 Positionnement maximal du point de manceuvre

11 est tentant du point de vue du mouvement dynamique de 1‘'avion d'avoir une forte merge de ma-
noeuvre, afin de diminuer les temps de réponse de cet avion. Rappelons & cet effet que sur un échelon de
la commande en profondeur, le facteur de charge est obtenu dans les délais auivants 3

Nu

Cette relation est illustrée sur la planche 9 pour 1'avion AIRBUS.

D'aucuns trouveront préférable d'avoir un temps de réponse court et uniforme dans tout le domaine
de vol. Ceci conduira & augmenter la marge de manceuvre su fur et & mesure que la vitesse diminue. La
recherche de temps de réponse courts, & basses vitesses, conduit 2 des marges de menoeuvres nécessitant
des valeurs d'asservissement dont une limite meximele sera imposée par la valeur de la constante de temps
(C€sc) des servocommandes de profondeur.

Pour 1'avion considéré, le temps de réponse de 1'oscillation d'incidence est limité comme suit :
tr> 14.T sc

L'obtention d'un temps de réponse de 2,2 secondes imposera une constante de temps de servocommande
de l'ordre de 0,16 seconde, valeur tout & fait compatible avec les organes de puissance équipant la pro-
fondeur de 1'avion AIRBUS (€sc = 0,125 s). Cette limite serait toutefois sévire pour une commende de
profondeur utilisant le plan horizontal.

42q 2 Positionnement du foyer en vitesse

Autant 1'on recherche une réponse rapide en facteurs de charge, autant pour la phugofde 1'on dési-
re une période aussi longue que possible, caractéristique d'une stabilité statique trés modérde et dont
le niveau minimum est imposé par le Certificateur.

De plus, il est préférable pour la facilité du pilotage de bien découpler phugoide et oscillation
d'incidence. On essayera de respecter la relation suivante entre les pulsations des 2 modes :

] C —— 2 Y
w,(:i,_-_{.“..rq XG w;= 2. (.%) fv 26
7; 2 Fqa Xg

d'ou la relation approchée en fonction du temps de réponse :

fv X );i V(m/s)

fq X¢ 25.tr

Afin de respecter le niveau de stabilité statique réglementaire (Cf. § 4.1.2), on est conduit 2
diminuer le temps de réponse de l'avion de telle sorte que :

VSEZsz
tr< 0.8 ve? (kts)

Le respect de cette condition n'apparaft limitatif qu'aux basses vitesses st impose par exemple &
125 kts une marge de manoeuvre minimale de 30 % de CAM (Cf. pl. 9).

421.3 Conclusions sur la position de Fq et Fv

Le figure 9 définit un domeine dens lequel il est possible de positionner Fq. Dn note que ce domei-
ne est restreint 3 grandes vitesses pour laisser place A des possibilitds variées aux basses vitessea.

La position de Fv découle de Fq 3 X )
Fv_AG Vc (kts
- par la condition de stabilité statique T'&'Tc'> ﬁé‘d_

2
- par la condition sur le temps de réponse de 1'avion ;;—;—g—-((-;é%’-)
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Le foyer en vitesse de 1'avion naturel dépendant du nivesu de poussée des moteurs, l'ssservisse-
ment en vitesse devra donc 8tre modulé avec le régime des moteurs, & moins que la double inégalité pré-
cédente soit toujours respectée pour la gamme des régimes moteurs d considérer. Une solution meximsle de
positionnement de ces points pour un avion A stabilité statique réduite est présentée planche 10.

422 Amortissements

———————-———————— -

Les points fondamentaux Fq et Fv ayant été positionnés afin de régler su mieux les périodes de
1'oscillation d'incidence et de la phugoide, nous nous intéresserons ci-aprds sux amortissements de ces
modes.

4271 0Oscillation d'incidence

Si, réglementairement, on exige un amortissement minimel, on s'attachera pour un avion ssservi &
le porter & un niveau optimal pour le confort du pilotage.

A marge de manceuvre donnée (Fq positionné), le niveau d‘amortissement souhaité sera obtenu per un
positionnement judicieux du foyer en incidence (Fex ).

La régle & respecter sera la suivante :

Fq Fx / Fq X
1. qzu(t =2ﬁ( G/¢
1 S 1 2 S
if(f)’é’).-ﬁ.cz“ E?oIPY/go'm'.CZ

Dans le cas de l'avion AJRBUS cette relation illustrée sur la planche 11 permet de trouver la rela-
tion entre Fgfe¢ et FgXg pour un amortissement donné de l'oscillation d'incidence.

Nous avons vu précédemment qu'en croisidére la solution pratiquement unique pour le positionnement
de Fq se situe autour de Fa X6 = 15 % CAM, ce qui impose un positionnement de Fe¢ tel que filré-:vaz CAM,

1
On peut noter au psssage que nous nous retrouvons dans la situation de l'avion AIRBUS su centrage arriére.

Dans le cas d'un avion 2 stabilité réduite, centré a 45 % de CAM, il convient de reculer le foyer
en incidence et le point de manoceuvre de ~ 10 % pour retrouver les conditions précédentes. Un asservisse-
ment au facteur de charge seul,suffit donc en croisiére, sans besoin d'asservissement en q, puisque fq
recule avec Fo{ (Cf. planche 12). Le fait de créer une marge de manoeuvre de 15 % par un asservissement
en q seul,aboutirait d'ailleurs & ne pas régler correctement 1'amortissement de 1'oscillation d'inciden-
ce.

427,72 Phugoide

La question de 1'amortissement de la phugoide se pase différemment. Pour bien 1'amortir, il fau-
drait, soit réaliser un asservissement 2 la pente, ce qui sort du cadre des asservissements élémenteires,
soit ne pas exiger une stabilité statique aussi forte.

En fait, on peut étre assuré que la phugoide sera convergente dans la mesure ol 1'on sura respecté
les réglages précédents, bien que son amortissement reste trés faible.
5. ETUDE DES ASSERVISSEMENTS ELABORES DU TYPE AUTOTRIM

Comme pour les asservissements élémentaires, nous allons nous intéresser dans ce paragraphe aux
effets d'une commande de type autotrim sur les caractéristiques statiques puis dynamiques de 1'avion.

5.1 Caractéristiques statiques
519 Braguages et efforts par g

Tout ce qui a été dit dans le chapitre 4.1 concernant le positionnement de Fq pour les asservisse-
ments élémentaires reste valable. A savoir que l'on peut, comme précédemment, définir une solution dite
minimale pour positionner Fq, permettant d'homogénéiser braquages et efforts par g, quel que soit le cen-
trage de 1'avion. Nous verrons toutefois d'aprés l'étude du dynamique, que cette solution minimale ne
présente pas d'intérét pour le positionnement optimum de Fq.

512 Braquages et efforts par V

Dans le cas d'une loi de pilatage de type trim automatique, 1'asservissement de la commande de
profondeur au facteur de charge intégré introduit, par rapport & la structure de 1'avion neturel {(Cf. §
3.1), un accroissement en pente tel que :

A o M
My = %at A
avec Wy : contribution de 1'asservissement & nz dans my
Tat : constante de temps de 1'intégration d'sutotrim.
La matrice des coefficients linédarisés de 1l'avion se présente sous la forme ci-dessous :
tv ty tg ~0

pv 1] px  ~0
Al =
[ ] -pv 0 -~
mv my My L]

——
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La stabilité statique de 1'avion manche libre sera donnée par le signe du déterminant de (-A).
Pour un avion & stabilité réduite, ce déterminant est négatif dans une grande partie du domeine de vol,
1'instabilité étant due aux raisons suivantes :

- d'une part & pente libre, nous avons vu dans l'étude des asservissements élémentaires que l‘'avion 2
stabilité réduite n'est stable que dans une trés faible partie du domsine de vol ;

- d'sutre part i pente imposée, l'avion est instable en vitesse pour les vols & forts Cz, su-deld de la
finesse meximale.

Dens le cas présent ces deux effets se conjuguent puisque la pente de la trajectoire n'est pas tout
a fait 'ibre, sans étre non plus compldtement imposée.

L'analyse de l'expression du déterminant de (-A) permet de faire la part des deux phénomdnes.
On peut exprimer le déterminant sous la forme suivante :

det (-A) =ty . [PV P« tv W
oo PV Ry

Pour les asservissements élémentaires (m, = 0), nous avions défini le positionnement du foyer en
vitesse & partir du ler terme de ce déterminant :

+ My

2 C
Pv p - 9 g 1
t‘ . o | = 2-(—v ) . (—,—‘- o _CZ . Fv Xg)
mv My (4

Par extension pour my # 0, nous pouvons écrire :
3 L
o
le terme A Fv chiffrant la part de 1'effet "second régime". Il est possible par un asservissement 2 la
vitesse de restituer un effort par V répondant aux exigences réglementaires (Cf. planche 13, mais avec

1'inconvénient pour le pilote de devoir se retrimmer & chaque changement de vitesse. Ce type de loi a

d'ailleurs été essayé sur simulateur de vol. Il va sans dire que les réglages les plus agréables pour le
pilotage correspondaient aux valeurs les plus faibles pour 1'asservissement.

)-(Fv Xg + AFV)

det (1) =2 ()%

5.2 Caractéristiques dynamiques
524 Temps_de_réponse

Par rapport & un systéme utilisant des asservissements élémentaires, compte tenu de la présence de

1'intégrateur, le temps de réponse d'un systdéme & asservissements élaborés est augmenté & merge de ma-
noeuvre donnde.

Pour l'avion & stabilité réduite, & partir des résultats de la planche 14, on constate qu'il faut
s'autoriser des marges de manceuvres quatre fois plus grandes que celles évaludes pour les asservissements
élémentaires, et ce pour un méme temps de réponse.

Dans la recherche de temps de réponse courts, nécessitant des merges de manoeuvres importantes
(surtout aux bagses vitesses), il sere impératif de prendre garde aux limitations imposées par la cons-
tente de temps des servocommendes.

On devra respecter la condition suivante entre tr et W sc : tr ~ 25.%Csc, ce qui nous conduira
4 disposer de servocommandes plus rapides que pour les asservissements élémentaires.

Quant & la constante de temps de 1'intégrateur d'autotrim (¥ AT), elle est liée au temps de réponce
par la relation : tr~ 3,3.TAT. Cette constante de temps évoluera de :

-"1 seconde 3 grandes vitesses (tr~ 3s) &
- 1,6 seconde aux basses vitesses (tra, 5s).

Nota : On se contente de ce temps de réponse aux basses vitesses afin de limiter 1'sutorité des
asservissements.

Compte teru des marges de msnceuvre envisagées, on congoit aisément :
~ que les réponses de 1l'avion & la commande pilote sont quasiment insensibles sux variations de centrage,
- que le découplage entre oscillstion d’incidence et phugolde (positionnemsnt de Fv par repport & Fq) est
satisfait.

522 Amortissement

Les résultats de 1'étude des amortissements dens le cas des ssservissements élémentaires, a savoir:
- la relation définiesant le position respective de Fe par rapport & Fq et XC (Cf. § 4.2.2.1) dens le but
d'amortir convensblement 1'oscillation d'incidence,
- les remarques faites su sujet du réglege de 1'smortissement de la phugolide,
s'appliquent & ce type de commande.

6. ETUDE DES ASSERVISSEMENTS DE TYPE MAINTIEN DE PENTE

Nous avone vu précédemment que pour ce type de commande i
- sans action pilote, 1'svion suit une pente de référence imposde,
- sur une action du pilote 1'avion évolue en répondent conformément & une commsnde de type trim sutomati-

De cette situation, i1 résulte que :

- les réglages évalués pour la commande dite de trim sutomatique sont valebles (hormis les probldmes de
stabilité statique),

- seul le réglage de 1'asservissement en pente reste a définir.
Cet asservissement b 1a pente seras réglé tel que la pulsstion de coupurs de la dynemique de mein-
tien de pente (w,) soit 2,5 fois plus lente que celle de la dynsmique de le boucle de base (wnz), soit i

Ky =% .9-@%’- (Ky on 9/rd).
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6.1 Protection de domaine et stabilité statique

En 1'absence d'action du pilote, 1'avion est en pur maintien de pente. Il sera stable ou non en
vitesse selon qu'il volers au ler ou 2dme régime. Or, si 1'on ajoute un terme de stabilité en vitesse,
on annule la fonction "maintien de pente®. I) serait donc sberrant, pour ce type de commende, de 1'in-
troduire dans le domeine normal de vol,

Cependant, compte teru du fait qu'une action pilote conduisant involontairement & une veristion
de pente, risque d'amener 1'avion & une vitesse en dehors du domaine autorisé, et cela méme oi :'asvion
est stable, on introduira 3 la frontidre du domeine normal de vol, un terme de stabilité en vitesse en
1e réglant de fagon & ce qu'il assure un maintien de vitesse.

On adoptera : Kv = X (Kv en g/m/sec), ce qui correspond b un réglege tel que ia pulsa-

[ L)
tion de coupure de la dynamique du meintien de vitesse soit 2,5 fois plus lente que celle du maintien
de pente.

Dans ce maintien de vitesse, 1'asservissement & la pente est meintenu avec le méme réglege pour
gservir de terme d'amortissement. Dans ce rfle on 1'affectera donc d'un filtre passe-haut, pour laisser
au maintien de vitesse la liberté d'amener 1'avion 3 la pente adéquate (Cf. planche 15),

7. ADAPTATION DE CES TYPES DE COMMANDES DE VOL A UN AVION CIVIL DE TRANSPORT

Les différents asservissements présentés dans cette note permettent suivant leur niveau d'autorité
et de complexité de restituer des qualités correctes de pilotage quelles que soient les marqes ststiques
et de manoeuvres de l'avion sans asservissements.

Toutefois, bien que cela soit & la limite du sujet de cette communication, 1'on ne devra pas perdre
de vue que 1l'on peut se trouver en vol dans des configurations de pannes, de sorte que 1'évaluation du
pilotage dans des situations dégradées (perte de calculateurs de commendes de vol par exemple), devra
#tre prise en considération pour les définitions de 1l'avion et de 1l'architecture de ses commandes de vol.

7.1 Cas de commandes de vol mécaniques

Un avion 2 stabilité réduite différe des avions classiques par le fait que dans une grande partie
du domaine de vol et de la plage de centrage autorisée, 1'avion naturel présente une certaine instabilité
longitudinale,

Suivant que le centrage avion pour un chargement donné :

- n'évolue que triés faiblement en vol avec la consommation du carburant,

- peut évoluer en vol par le transfert du carburant des réservoirs de voilure vers des réservoirs situés
dans la partie arriére de l'avion, et vice versa,

le niveau d'instabilité accepté aprés perte des asservissements sera tout naturellement différent.

Ainsi, dans le cas ol le centrage reste fixe, le niveau d'instabilité toléré devra permettre la
poursuite du vol et 1'atterrissage, alors que dans le cas du centrage évolutif, le niveau d'instabilité
toléré devra 8tre compatible avec le meintien en vol de 1'avion en attendant que, par transfert du cer-
burant, le centrage revienne vers une position ol 1'instabilité de 1l'avion est plus faible, voire nulle,

Des essais conduits sur simulateur de vol et sur un avion AIRBUS ont montré que la différence du
niveau d'instabilité accepté dans les deux types d'avion peut se traduire par une variation de 5 X de
centrage. L'on devra donc assurer pour chaque définition avion la compatibilité conséquence avion -
probabilité d'occurrence de panne, ces conditions définissant le centrage limite arridre acceptable.

7.2 Cas de commandes de vol électriques

Bien qu'un avion & stabilité réduite peut parfaitement se concevoir avec des commandes de vol méca-
niques, 1'évolution de la technologie conduit & essayer de les remplacer par des commandes électriques,
et cela pour de multiples raisons, telles que :

- gain de masse,

-~ diminution du prix de revient,

- amélioration de qualité de pilotage (seuils et frottements réduits, braquages par g homoghnes, dimi-
nution des problémes 1iés au déroulement de trim ou centrege avent...),

- meilleure situation en turbulence.

Si, pour un avion & stabilité réduite, 1'on craignait dans le cas des commendes de vol mécaniques
la perte des asservissements, la perte de la commande et ses conséquences sur la définition des systdmes
étant identiques d celles des avions de conception classique, dans le cas des commandes de vol électriques
on devra tenir compte, dans la définition de 1'architectiure des commandes de 1'avion, de 1'éventualité de
perdre momentanédment ou définitivement les commandes principales.

Une solution poasible, pour résoudre cette situation de panne, ssra par sxemple de baser 1‘archi-
tecture des commandes de vol sur un pilotage secours avec des commandes mécaniques :
- par le trim de profondeur (le plan horizontal réglable reste commendé mécaniquement),
- psr la gouverne de direction (elle reste en commande mécanique) dane le cas ol la commende de gauchis-
sement est électrique.

Des situations de panne moins dégradées mais correspondant & des probebilités d'occurrence moins
faibles seront également 3 prendre en considération. La ségrégation des divers circuits et la dispersion
des différentes fonctions et asservissements dans plusieurs calculateurs permettront d’assurer la corres-
pondance : probabilité d'occurrence de panne et conséquences avion.

8. PERSPECTIVES

Asgociant :
- gain en consommation par recul modéré du centrage en vol, sans pémalisation sur les conditions de
chargement, d'une part,
- amélioretion des qualités de pilotage, diminution du codt st de la masse de 1'avion par utilisation de
commandes de vol électriques, sans pour sutant réduire le niveeu de sécurité, celui-ci étant assuré par

isndaisabinnes
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un pilotage secours avec des commendes mécaniques aur certasines gouvernes, d'autre part,
cette nouvelle génération d'avions devrait voler dans les prochaines anndes. L'expérience qui sers

acquise au cours de milliers d'heures de vol sur ce type d'aéronef devra permettre de définir 1'avion
subsonique de transport civil du futur, celui-ci étant un avion volant au centrage optimum du point de
vue de la consommation, avec des commandes de vol entidrement électriques et sans le secours de nos
vétustes cé@bles,guignols et poulies.

NOTATIONS

v Vitesse de 1l'avion

¥ Pente de la trajectoire

o Incidence

q Vitesse de tangage

nz Facteur de charge vertical

Cz Coefficient de portance, référencé a S

Cz¢ Gradient du coefficient de portance, référencéd a S ]

M  Poussée des réacteurs h'

8q Braquage de la gouverne de profondeur !
Rayon de giration en tangage

XG Centre de gravité

Feg Foyer en incidence

Fv Foyer en vitesse

Fq Point de menoceuvre
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ABSTRACT

During the 1970's, the AFFTC ( Air Force Flight Test Center ) at Edwards Air Force
Base began taking a significant new approach to handling qualities fiight testing. New
fiight test and analysis techniques were developed and implemented. These techniques
used pilot-in~the-loop, mission oriented tests to collect, analyze, and evaluate handling
qualities data. These test and analysis techniques have had a profoundly favorable
eftect on the quality of test results obtained at AFFTC and on our ability to identity
and evaluate handling qualities problems. We believe the development of these new test
ana analysis techniques was the pivotal development of the 1970's in the field of
hanaling qualities flight testing.

Before 1971 the AFFTC relied very heavily on open-loop handling qualities testing.
The data from these tests were compared with the flying qualities specification,
MIL-F-8785, to determine whether or not the handling qualities were satisfactory.
Limited pilc :-in-the-loop handling qualities testing was done, but not in a systematic or
repeatable way. Pilot compensation (adaptation) made it very ditticult to interpret tne
quantitative and qualitative data that were produced.

In 1971 AFFTC began developing the pilot-in-the-loop, mission oriented handling
qualities test and analysis techniques which were eventualiy named SIPT (System
Identitication From Tracking). SIFT includes specialized flight test techniques for
collecting data and relatively sophisticated frequency domain analysis techniques for
data reduction and evaluation.

The SIPT data collection techniques currently include several specialized and
caretully controlled pilot-~in-the-loop, mission. oriented tasks such as precision
air-to-air tracking, formation flying, air refueling, and approach and landing.
Specialized piloting techniques were developed for these tasks in order to minimize the
eftect of pilot compensation (adaptation) and to increase the likelihood that handling
qualities deficiencies are recognized and evaluated by the pilot. The careful controls
placed on the task together with the specialized piloting techniques result in
guantitative and qualitative test data which are repeatable.

The SIFT data analysis techniques include the use of spectral estimation methods to
identify 1linear frequency response transfer functions of various systems. The "systeam"
for which these results are obtained may be the entire airplane (airplane response to
pilot input), or some smaller part of the whole airplane. For example, system transfer
functions for the flight control system (control surface response to pilot input), or for
pilot/airplane interfaces such as a head-up display may be identitied.

The frequency response data may be used for analyzing handling qualities in terms of
such recently developed criteria as equivalent systems, Neal-Smith, Ralph Smith, and
bandawidth.

The quantitative frequency response data and the various criteria comparison results
may be correlated with the gualitative pilot comments to provide signiticant insight into
hanaling qualities characteristics. Because all of the data were obtained during the
same pilot-in-the-loop, mission oriented manuevers, the correlation of qualitative and
quantitative results is especially valuable.
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An overview of the evolution of handling qualities testing at AFFTC is presented, with
emphasis on the significant changes which occurred during the 1970's. The SIFT handling
gualities test and evaluation techniques are discussed, but without going into great
detai; regarding the analysis techniques. Examples of SIFT test results are presented
ana discussed.

EARLY (HANDLING QUALITIES?) TESTING AT MOROC

If you believe "war stories", flight testing in the early days at Edwards was more
fun, less structured, more relaxed, and more dangerous: in a word, wilder. (Reference 1l
gives some additional insight.) That was in the days before Edwards was calied
"Edwards" and before it was a Flight Test Center. At that time Edwards was calied Muroc
Field and it was just a lonely flight test outpost of Wright Field.

Mr. Don Button, recently retired from Edwards, recounted the foliowing story for us.
As a young soldier during World War II, Don was stationed at Muroc, assigned to the P-59
test program., (The P-59 was America's first jet fighter.) One of Don's duties was to
take data during the test flights, a duty which was shared with tnree or four other
fellows. To accommodate Don and the other human data recorders a hole was cut into tne
nose of the P-59 just in front of the pilot's windscreen and a seat was instalied where
the guns were normally located. An oxygen system and an intercom were instalied so that
they could breathe and talk with the pilot, the sheet metal edges of the "hole" were
coamed with leather so that they wouldn't be badly hurt it the filights got a 1little
rough, and a small windscreen -- a couple of inches high as Don recalils -- was installed
to deflect the airflow. That was the data recording "oftice® in the airplane, and tnere
Don and the others recorded data in flight. We suspect that Don is one of the very few
people in the world who has logged genuine open cockpit jet time.

Don related a few interesting anecdotes from his open-cockpit time in the P-59, On
one occasion, the pilot was in a hurry to get airborne and told Don to come along and
never mind bringing his oxygen mask since they wouldn't be climbing above 10,000 feet.
Aloft, the pilot became absorbed with the tests and before long he announced to Don over
the intercom that he was climbing to 15000 feet. Now it so happened that Don's throat
mike had failed and he couldn't talk back to the pilot, but Don figured that shouldn't
worry him excessively. After all, he thought, Mt. Whitney is almost 14,500 feet high
ana ordinary people regularly hiked to its summit, He had only to relax and breathe
easily. That approach worked until the pilot announced that he was going to climb to
20,000 feet, at which point Don began to be slightly anxious: the air was already pretty
thin at 20,000 feet, and what if the pilot decided to climb to 25,000 feet next? Don
considered unbuckling his safety-belt and turning around in his seat to face tne piiot.
Perhaps he could make some signal which would remind the pilot of his predicament. He
finaliy decided against that idea for two reasons. First, what it the piiot rolied tne
airplane while he was unbuckled? Second, at that time the P-5Y had an endurance of only
about halt an hour, and since Don had timed the flight as part of his data recording
procedures he knew that most of that halt hour had already elapsed. He decided to wait
it out. Sure enough, within a couple of minutes one engine fiamed out, foliowed shortly
by the other engine. They glided back for an uneventful dead-stick landing on the dry
lake bed.

After world War 1I, America‘'s leading aces were invited to Muroc to fiy and evaluate
the P-59, On one of those evaluation flights Don relates that he occupied the open
cockpit cut into the nose of the airplane and Don Gentile occupied the conventional

- pilot's position. They were testing the airplane over a bombing range near the town of

! Mojave. They finished their tests a little earlier than expected and Don Gentile asked
Don Button what he would like to do. Don suggested they might fly by the house of some
friends who lived at wWillow Springs, not far from Rosamond. And fly by they did, so 1low
that Don thought they would surely take part of his friends' house or fence with tnem.
According to Don, the flyby was equally memorable for his friends.

Here are some excerpts from another story, told by General Chuck Yeager (Reference 2).
The Air Force had taken over the X-1 test program in 1947 and Yeager was the X-1 piiot.
To get the feel of the airplane (evaluate its handling qualaities?), his first tnree
flights were to be glide flights, carrying no fuel. Remember that the X-1 was carried
aloft under a B-29, suspended halt within and halt outside the B-29Y fuselage. Entrance
to the X-1 cockpit was gained through the side of its fuselage. Listen to General
Yeager:

"On a typical flight, we would load the X-1 under the B-29Y and then service
it with liguid oxygen and alcohol. Then the crew of the B-2Y would get aboard
the airrcraft and I, as the X-1 pilot, would always take oft in a position just
att of the pilot and co-pilot in the B-29 cockpit. The reason for this was the
fact that the X-1, fully loaded, had a stalling speed of around 240 miles per
hour and the climbing speed of the B-29 was roughly 180 miles per hour so, it
you had an inadvertant shackle release and were in the cockpit of the X-1 at an
altitude somewhere below 10,000 feet, you would end up in an inadvertent spin
with no time to recover and no way of getting out of the cockpit.
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*"puring the climbout, as we went through 10,000 feet, two aergeants - there
were about six - got you by each arm and drug you back into the bomb bay. At
this point you put on a seat-type parachute and got on a ladder that wvas
mounted on the right side of the bomb bay. Usually, Jack Ridley would hang on
to the cable and let you down on this ladder, which was on two guides which
would slide you down into the slipstream opposite the door of the X-1 - whach
was on the right side. Once you got in, feet first, you would squirm around
into position and then put on your shoulder straps and safety belt. MNext, tney
would lower the door down on the guides and hold it against the side of the
X-1. You would lock it from the inside using roller locks similar to the type
used on a bank vault. At this point you put on your helmet. As Bob BRoover
will remember, in the early days and even during the first fliights of the X-?,
all we had in the way of protective gear was a leather World War Ii helme:,
with the top of a football helmet cut oft and snapped onto the top fr
protection against banging your head on the top of the cockpit, a plain woul
flying suit, and a leather A-2 jacket the same as we wore during World War
II....

"We began the first three flights on the X-1 and, since I didn‘'t have any
experience in that type of aircraft, the first three flights were glide fliights
without any fuel aboard. I really didn't learn a lot because immediately after
the drop Bob Hoover would jump me in his P-80 and we'd end up in a Lufberry aad
then roll out on the deck and land. [Emphasis added.]

The first powered flight that I made in the atrcraft, we dropped at 20,000
feet. There were four switches across the instrument panel that were used to
ignite the four chambere. I could start and stop any chamber as many times as
I wanted - or until I ran out of fuel,...

On the first flight, I dropped, 1ignited one chamber, 111t of:r another
chamber, shut that one off, lit another chamber, shut that oft, and then, with
one chamber running, pulled up and did a roll [emphasis added] and found out -
my first experience - that you can't, of course, operate with liquid oxygen
under zero~g conditions because you get cavitation., The rocket fiamed out and
as I rolled level again, the sensors took over and re-ignited the igniter and
the chamber fired off again. That was my firat lesson.

"After checking out the four chambers, I came down in a glide across Muroc,
along the old runway, pulled up and lit off all four chambers. We had been
told rather seriously by General Boyd ... not to expose ourselves to dangerous
situations with the X-1 because safety was a primary factor in the whole
program and a lot depended on this airplane. 1In fact, our whole research and
development program in aerodynamics really hinged on our getting the X-1 up
above the speed of sound. Well, when I 1lit oft all four chambers, I kept the
nose coming up so it looked like the ME-163 coming oft the deck. As it got up
to about 0.78 -~ 0.79 - 0.80 Mach, in order to keep the positive g on the
airplane, I pulled the nose on through and as the nose started down, the Mach
number kept going up, obviously. As I went through 0.82 Mach number - on up to
almost 0.84 -~ I racked off the switches and rolled out. I jettisoned the
remainder of the fuel and came down and landed. Jack Ridley and I spent three
nights writing a letter to General Boyd in answer to his, "reply by endorsement
as to why you exceeded 0.82 Mach on your first flight." that was the most
difficult test report I ever had to write because there was no excuse in the
world., But, I did feel at home in the aircraft and really everything worked
beautifully.

"So the program started...."”

The relaxed and unfettered atmosphere which pervades General Yeager's recollection of
his early X-1 flights may or may not have been completely factual. We don't know. But
can you imagine similar "testing® in today's programs? What it during the space shuttle
approacn and landing tests the pilots had lifted free of the 747 carrier airplane and
done a rolll Or had been jumped by a T-38 chase airplane and ended up in a "dogfaight"y
We suppose it is the sharp contrast between yesterday and today that makes yesterday so
intriquing.

EVOLVING STROCTURE OF HANDLING QUALITIES TESTING AT THE
AIR FORCE PLIGHET TEST CENTER

We don't know whether or not the preceding anecdotes are representative of ali early
hanaling qualities testing at Wright Field's outpost in the southern California desert.
It does appear though that soon after Edwards became the Air Force Flight Test Center,
hanaling qualities testing began to take on a more structured form. We should point out
first that handling qualities testing, then as now, was not an isolated, disconnected set
of tests. Preliminary handling qualities evaluations were conducted very 0321{ in the
1ite of a new airplane, or of a new variant of the airplane. "Complete" andling



http://www.abbottaerospace.com/technical-library

234

qualitaes and stability and control tests were conducted later, after the Air Force had
taken over testing. And of course handling qualities feedback occurred during the
"operational® portion of the test program. In those days the testing was formalliy broken
down into “"Phases®. Later it was called “Category" testing. Now it 1is calied
"Development, Test, and Bvaluation" and “"Operational Test Evaluation®. Whatever the
testing process is called, and however it is organized on paper, it 1is historically
evident that handling qualities testing necessarily (and beneficially) spans the process.

A survey of early AFFTC test reports reveals a fairly standard approach to formal
hanaling qualities testing. If you were to look at the tables of contents from the early
reports you would discover that in nearly every case the following ¢topics would be
presented for discuasion:

1. Cockpit Evaluation

2. Taxiing and Ground Handling

3. Take-off and Initial Climb

4. Dynamic Longitudinal Stability
S. Trim Changes

6. Maneuvering Flight

7. Dynamic Directional Stability
8. Static Directional Stability
9. Lateral Control

10. Inertial Coupling

11. Stalls and Low Speed Handling Characteristics
12, Approach and Landing

13. Control Friction

Without going into great detail, it is worth noting that items 1, 2, 3, 11, and 12
were mission oriented handling qualities evaluations, in part qualitative (pilot
evaluation) and in part quantitative. The qualitative part generally had to do waith
instrument presentation and location, 1location and function of switches, probleams in
taxiing and take-off (e.g.,inadequate nose-wheel steering or braking), problems in
maintaining climb schedules, etc. The quantitative part of these items had to do witn
such measurements as nose-wheel steering break-out forces and hysteresis, ruader and
elevator control power during take-oft, etc.

The other items were classical up-and-away handling qualities evaluation items.
Typically, open-loop, or nearly open-loop tests were used to gather the data. For
example, longitudinal static stability data were obtained by £fiying constant altituce
accelerations and decelerations using power to control speed and by fiying constant power
accelerations and decelerations using stabilizer deflection to control speed. These data
were plotted in the familiar form of stick force versus Mach number, stabilator position
versus Mach number, etc. Maneuvering flight data were obtained during wand-up turns.
These data were presented as curves of stick force versus "g" and stabilator position
versus "g". Longitudinal dynamic stability data were obtained using stabilator pulses.
The free response of the airplane was measured and used to estimate the short period
frequency and damping ratio. Typically these static and dynamic parameter values were
compared with the Level 1, 2, and 3 boundaries of MIL-F-8785 (Military Plying Qualities
Specification) to determine whether the airplane handling qualities were satisfactory or
unsatisfactory.

We do not mean to play down the value of these open-loop handling qualities teats. In
fact they were explicity static and dynamic stability tests. They were handling
qualities tests only implicitly, and this was widely recogniszed. However, considerable
insight into the handling qualities of the aircraft could be gleaned from these open-loop
stability parameters.

Neither do we mean to imply that no pilot-in-the-loop testing was done. 1In our survey
of early Air Porce FPlight Test Center reports we discovered that air-to-air and
air-to-ground tracking evaluations were occasionally reported. In fact, one gets the
impression that a fair amount of pilot-in-the-loop handling qualities evaluation was done
using air-to-air, ajir-to-ground, formation, and air-refueling taska. However, it appears
that these evaluations were largely informal, and the resuits (purely qualitative)
appeared in the reports only implicitly. As an interesting aside, some of the earlier
color of flight testing during Muroc days seems to have survived in these informal
hanaling qualities tests. Two anecdotes illustrate the more colorful side of these
informal, and certainly unofficial handling qualities tests,

There is the story that at one time it was all the rage among Bdwards test pilots to
make very 1low, high speed passes down local desert roads. If there were cars on the
road, 80 much the better. It is said that these "tests" ended when the center commander
(unbeknownst to the pilot) was run off the road. We cannot vouchsafe the authenticity of
that story, but we have heard it often.

Another story concerns an unofficial evaluation of air-to-ground tracking handl
gualities., One of the test pilots was making 45 degree dive bombing passes, using
local farm house for his “target”, when his drop tanks unexpectedly jettisonea.
Fortunately, the tanks missed the "target®”., It was not recorded whether the reason for
missing was poor handling qualities or poor drop-tank ballistics.

4
A
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*war stories” of informal testing aside, here is the important thing to be remembered
about handling qualities testing at Edwards from the early 1950's through the early
1970's: during that time, handling qualitieas tests were almost exclusively open-~loop
tests. Judgements of the sujtability of the aircraft's handling qualities relied heavily
on these open-loop test results. In general, there were no satisfactory test methods for
formally evaluating pilot-in-the-loop handling gualities in a mission oriented setting.

This pattern of fundamentally open~loop handling qualities testing persisted until tne
earily 1970's, wvhen we began to develop the pilot-in-the-loop , mission oriented
techniques which have since been named Handling Qualities During Tracking ( HODT ) and
SIFT .

SYSTEN IDENTIFICATION PRON TRACKING

SIFT test techniques are pilot-in-the-loop, mission oriented test technigques for
obtaining and evaluating aircraft handling qualities data. Qualitative pilot comments
ana quantitative system analysis results are obtained from the same pilot-in-the-loop
test maneuvers. SIFT techniques have made it possible to uniquely link qualitative and
quanticative test results for the first time.

In Figure 1 we have attempted to give you an over-all perspective of SIPFT test and
anaiysis techniques. SIPT ie 1like a broad umbrelia: it includes somewhat specialized
test maneuvers and piloting techniques for obtaining handling gualities test data; and it
includes frequency domain data analysis technigues. Subsequent data analysis includes
heavy use of control system and handling qualties criteria.

In the following paragraphs we will briefly cover the development of SIFT techniques,
gsome of the most important features of these techniques (for example, why do the SIPT
tracking maneuvers work when earlier, similar attempts did not?), and examples of SIPFT
test results.

More complete documentation of SIFT techniques is available in References 3 and 4.

DEVELOPNENT OF SIPT TEST MANEUVERS: HQDT

Development of the SIFT test maneuvers and piloting techniques began in 1971, The
idea of using air-to-air tracking maneuvers for handling qualities evaluation was adapted
by the senior author from similar work which had recently been done by Tom Sisk at tne
NASA Flight Research Center (Reference 5). (The idea of using tracking as a test tool
for evaluating handling qualities was not a new one; for example, see reterences 6 and
7.)

We used a variable stability F-4C for our development progam, With this airplane we
could set up a wide range of handling qualities characteristics, ranging from Level 3
(bare airframe F-4 without any dampers or augmentation: pilot ratings of 7 and 8 on tne
Cooper-Harper scale) to Level 1 (excellent handling qualities: pilot ratings of 2 and 3).
We conducted all of our tests using three handling qualities configurations which
corresponded to Level 1, Level 2, and Level 3 according to the pilots' ratings. The
contiguration could be changed by the test engineer in the rear cockpit, so the pilots
were never aware of which configuration they were fiying. Two test pilots participated
in the development program: Lt. Colonel (now Colonel) Richard E. Lawyer and Major (now
Colonel) Cecil W. Powell.

We began our development using five principal test maneuvers:

1. Air-to-air tracking of a target airplane at constant load factor and constant
Mach number, with an attempt to maintain constant altitude

2. Air-to-air tracking of s target airplane during a slow wind-up turn at constant
Mach number, with an attempt to maintain constant altitude

3. Air-to-air tracking of a target airplane during a maximum roli-rate turn reversal
at constant load factor and constant Mach number. The reversals were usualliy
sandwiched between constant load factor tracking maneuvers.

4. Air-to-ground tracking during standard 45 degree and 30 degree dive bombing runa

5. Alr-to-~ground tracking during standard 15 degree strafing runs

A noncomputing gunsight with a fixed pipper depression was used at all times. This
was because we wanted to evaluate the airplane handling qualities rather than tne
gunsight dynamics.

wWe measured what we believed would provide us some indication of pilot workload: the
time integral of the absolute value of pitch and roll stick forces and ruader pedal
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forces. We expected to correlate these three measures of "workload” with pilot comments
ana tracking errors,

At first, we allowed the test pilots to track the target using any technique tne
wished. We quickly discovered that this approach did not work. Our “workload
measurements did not correlate with either the pilots' comments or with the tracking
errors. Further, the tracking errors did not correlate with the pilot comments.
Analysis of those early teat results showed that the only reliable data were tne piiot
comments. Pirst-hand observation from the rear cockpit together with pilot comments soon
made it clear why those early results were so confusing. The pilots were working very
hard at mental compensation. Because their compensation was mental it did not show up in
our physical "workload®™ measurements. Because their compensation was quite often
successful, we could not correlate the tracking error results. And because the pilots
were at least roughly aware of the scope and degree of the compensation required, tneir
ratings usually reflected the actual handling qualities of the airplane.

Early on then, we found ourselves faced with the same problems which had plagued
earliier 1investigators. How to construct the tests so that ali of the airplane dynamics
(witnin the handling qualities frequency range) would be consistently and repeatably
revealed, both to the pilots and to the engineers? Our solution was to have the pilot
remove his feet from the rudder pedals and force him to track a precision aim point on
the target as aggressively as possible.

By “aggressive” tracking, we mean that the pilot was required to correct even the
smallest pipper errors as quickly and as positively as possible. The pipper was never
permitted to "float”.

Flying without using the rudder pedals removed a major avenue of compensation from the
pilot. Aggressively tracking a precision aim point on the target eftectively raised the
pilot's gain and also reduced his ability to compensate., We cannot over-emphasize the
importance of the aggressive piloting technique. It is absolutely fundamental to a good
gualitative pilot evaluation and, as we shall see later, to a good system identification
of the airplane. A graphic illustration of why the aggressive tracking technique was so
important is presented in Figure 2, Figure 2 is a power spectral density (PSD) plot of
pilot input (pitch stick force) versus frequency. Two curves are presented. One is the
PSD of pilot input when the pilot was allowed to track using any technique he desired.
Usually, this involved "floating" the pipper in the vicinity of the target so as not to
excite the undesirable short period dynamics of the airplane. When left to his own
devices, the pilot's frequency content (that is, the energy which he put into the
controller) diminished dramatically at the short period frequency and higher frequencies.
Clearly, by "floating™ the pipper the pilot was acting as a low pass filter with his
cut-off at the short period frequency. Hence he did not excite the undesirable short
period dynamice and his tracking errors were relatively small., The second curve is tne
PSD of pilot input when he was required to track aggressively. The freguency content is
noticeably higher at the short period and higher frequencies because the pilot was
excitiry che short period and higher frequency dynamics. As a result, his tracking
errors were larger.

Our experience was that the pilot's comments were more useful when the aggressive
tracking technique was used. Our experience suggested that, if left to his own devaces,
the pilot could report that compensation was required, but he could not necessarily
describe what he was compensating for or how he was compensating or what the eftect of
his compensation was. On the other hand, when the pilots' used the aggressive tracking
technique they were able to provide surprisingly detailed descriptions of the airplane
response to their inputs. Flying without using the rudder pedals also improved the
quality of the pilots' comments, especially when lateral-~directional handling qualities
deficiencies were present. We found these descriptions to be much more useful in
evaluating handling qualities from both a piloting and an engineering viewpoint.

After adopting these techniques we discovered that both pilots’ comments and
Cooper-Harper ratings became more consistent. A plot comparing the ratings given by tne
two pilots is presented in Figure 3. We found that the pilcts were able to detect
surprisingly small changes in the airplane handling qualities and that they were able to
quickly identify and describe handling qualities deficiencies. Wide use of these
techniques at AFFTC has confirmed these results over and over again.

Bach of the maneuvers listed above ,when coupled with the special piloting techniques
just discussed, proved to be an excellent test maneuver for evaluating handlang
qualities. We tried other maneuvers as well, including formation fiying, air-refueling,
ana approach and 1landing. Our experience was that air-to-air tracking was a "global*®
test maneuver for evaluating handling qualities, whereas the others tended to be
"subsets”., In other words, air-to-air tracking was the more demanding maneuver, the more
rigorous discriminator of handling qualities characteristics. If handling qualities were
optimized for air-to-air tracking, they turned out to be optimized for all other tasks as
well. The converse was not true. This suggests the possibility of using air-to-air BQDT
technigques as a test maneuver for evaluating the handling qualities of any
configuration - even the approach and landing configuration.

Rogers Smith of Calspan has coined the phrase "handling qualities clitt™ to descraidbe
the problem of handling qualities which are poor but manageable until the piiot gets
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" backed into a corner (and gets his gain up), at which time "poor but manageable®™ turns
into “disastrous”. HQDT has proven to be an excellent tool for ferreting out those
“clitfs” during the flight test programs.

Por example, during a recent flight test program, a longitudinal
pilot-induced-oscillation (PIO) was unexpectedly encountered during a performance test
maneuver. Low short period damping indicated the possiblility of PIO tendencies, but
actual PIOs had never occurred. Indeed, repeated attempts to replicate the PIO using the
~ame and similar test maneuvers were mostly unsuccessful. When BSIFT test techniques
(arr-to-air HQDT) were tried PIOs occurred every time, without exception. In this case,
the handling qualities "cliff" had always been present, but it took a set of
unintentional, aggravated circumstances to expose it. If SIPT techniques had been used
in the tirst place, the "cliff" would have been exposed immediately.

The special piloting techniques of aggressive tracking and not using the ruaoder pedals
yielded a very good tool for making comprehensive and repeatable gualitative piiot
evaluations of handling qualities. However, we had not solved the problem of getting a
good quantitative evaluation. We have already said that aggressive tracking without
using the rudder pedals caused larger tracking errors. Neither were the errors
necessarily repeatable from one maneuver to the next. Consequently, such statistical
measures as root-mean-square (RMS) error, cumulative error distribution, time on target,
etc. had to be treated very carefully. 1In general, these statistical measures proved to
be unreliable. Figure 4 illustrates why you must be very careful with pipper error as a
measure of handling qualities. The best tracking case had the poorest pilot rating and
the best rating was associated with tracking results which were not much ditterent from
those that got the poorer ratings. Interestingly, the two cases which were both rat=d 4
were flown in the same airplane, on the same flight, at the same test conditions, by tne
same pilot, one right after the other. But the tracking errors are distinctly ditferent!

The evidence has been unremittingly in favor of believing the evaluation pilot's
ratings and comments. That is why we stressed the value of a running commentary during
the test maneuvers and a comprehensive debriefing immmediately following the fiight. It
proved equally important that the pilots arrive at their Cooper-Harper ratings according
to the published approach (Reference 8).

In studying the time histories of pipper motion we noticed an apparent correlation
between the dominant frequency content in the piper motion and the piilot ratings. This
led to the senior author's suggestion that a frequency domain analysis might yield more
reliable quantitative results,

DEVELOPNENT OF SIFT ANALYSIS TECHNIQUES:
THE FREBQUENCY RESPONSE ANALYSIS COMPUTER

The Frequency Response Analysis computer program, abbreviated FRA, resulted from our
ettort to provide a quantitative foundation for evaluating handling qualities test
results. We found FRA to be an excellent tool for identifying the linear dynamics of the
airplane and its flight control system. We also found FRA, together with the various
frequency domain handling qualities criteria which are currently available, to be an
excellent tool for evaluating handling gqualities. The various handling qualaities
criteria include the equivalent systems criteria, the bandwidth criteria, the Neal-Smith
criteria, and the Ralph Smith criteria. (The literature on these criteria is fairly
extensive, so we will not discuss them here., See, for example, References 9 through 15.)

FRA is an unusually flexible computer program which can easily be made to do anything
the user wishes to do, within quite broad 1limits. We have used it extensively to
identity multiple-input frequency response transfer functions, power spectral density
functions, and various coherence functions. Any "system" for which the user has one or
more inputs and a response may be identified. For handling qualities testing, the
"system® is usually the airframe, or the flight control system (or smaller parts of it),
or the combination airframe plus flight control system.

The idea of measuring the freguency response of the airplane is not a new one, either
at Edwards or elsewhere. Some of the earlier frequency response work done at Edwards is
documented in References 16 through 24. It is worth noting three characteristics of this
earlier work: the data were obtained using open-loop test techniques (discreet sinusoidal
inputs or pulse inputs); the reduction of the data was extraordinarily time consuming;
ana the reliability of the results was not computed. Of course, each of these
characteristics is directly traceable to the relatively primitive computer capability
which was available then. Today's computers permit the use of far more powerful fiight
test tools. With FPRA we can quickly and conveniently use "random” time history data to
identity transfer functions and compute an estimate of the reliability of these results.

The constant load factor, constant Mach number, and nominally constant altitude
air-to-air SIFT test maneuver proved especially well suited to linear frequency response
analysis. The fixed test conditions served to minimize the impact of such nonlinear
elements as: stability derivatives which changed with Mach number, angle of attack, and
sideslip; changing dynamic pressure; and flight control gains which were scheduled
according to Mach number, angle of attack, etc. The aggressive, precision tracking
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techniques used by the pilot maximized the plliot's gain, which assured that the airplane
dynamics were adequately excited across the handling qualities frequency spectrum. This
ensured a good identification of the systenm.

One of the things which made SIPYT techniques so useful was that the data used in FRA
was obtained during the same pilot~in-the-loop test maneuvers that produced gualitiative
pilot comments and ratings. Another was that the transfer function identitication
computed by FPRA was entirely independent of any preconceived model of the system. These
two characteristics of SIFT analysis techniques were especially valuable, making it
possible to uniquely 1link the aystem identification to the pilot evaluation. Por
example, in a recent flight test program the pilots reported a pitch ~bobble”, or
oscillation during HQDT testing., The contractor worked to correct this problem by
improving the pitch axis of the flight control system, and indeed an improvement was
realized. However, a residual 3 to 5 mil oscillation could not be overcome. HQDT data
from several air-to-air tracking maneuvers were analyzed using the PRA program. The
pitch rate to stick force transfer function was identitied. These results are presented
in Pigure 5. The amplitude peak at about 3 radians/second is the the short period peak.
The presence of the second peak, at about 5 radians/second, was unexpected. To make a
long story short, the second peak was caused by lateral-~directional cross-coupling into
the pitch axis. The 5 radians/second peak was at twice the frequency of the dutch roll
mode of the airplane. Each time the airplane side-slipped right or left, tne airplane
pitched up. When the multiple input capability of FRA was used to "remove” the eftects
of sideslip, rudder deflection, and rolling tail deflection from the pitch rate response,
the transfer functions presented in Figures & and 7 wvere identitied. The S
radians/second peak gradually disappeared as the lateral-directional inputs were
etrectively “removed®.

This case is especially interesting because it demonstrated the value of using the
same pilot-in-the-loop test maneuver to get both quantitative and qualitative test
results. BEvidently, the residual pitch oscillation reported by the pilots was caused by
lateral-directional coupling into the pitch axis. Extensive classical testing 4id not
identity the cross-coupling. No amount of work on the pitch fiight control system alone
would have eliminated those last 3 to 5 mils of oscillation.

Another interesting feature of the SIFT analysis techniques was that the same test
maneuvers were used to identify the flight control system (or any part of it) and tne
airrrame dynamics, or the combination of the two. During a recent fiight test program,
SIPT techniques were used to identify the transfer function of normal acceleration to
stick force. The identification was not a particularly good one, so we began looking at
the individual pieces which made up the whole. We discovered a nonlinearity in the pitch
stick force-feel system (presumably hysteresis). When we tried stick position as tne
transfer function input instead of stick force, we got excellient identitications.

Here is one more example which illustrates the value of the unique linking of
quantitative and gqualjitative results made possible with SIFT techniques. An
aileron-to-rudder-interconnect (ARI) evaluation was done using both traditional open-loop
techniques and SIFT techniques, The gain of the ARI was changed with the expectation
that it would improve lateral-directional handling Gqualities. The open-loop
full-stick-deflection roll tests showed some areas of improvement and some areas of less
desirable characteristics. During the SIFT tests, the pilot reported no discernable
difference between the two ARI gains. SIPT data analysis showed the ARI transfer
function to be highly nonlinear. 1In this case, it was known that substantial hysteresis
existed in the yaw axis. It was apparent from the BIFT tests and analysis tnat the
pilots were almost never getting outside the hysteresis band during precision
pilot-in-the-loop tracking tasks. Consequently, they would not have seen any ditterence
between the two ARI gains, and that is exactly what they reported.

We have made attempts to identify the pilot transfer function using SIFr techniques.
Those attempts were unsuccessful, evidently because of the way the test maneuvers were
structured, As described above, in the SIPT test maneuver the target is essentialliy
passive (non-maneuvering) relative to the tracking aircraft. Bence it is only the
tracking pilot's remnant, or linearly uncorrelated input, which creates the continuing
pipper error. Henry Jex, Bob Heffley, and Roger Hoh, ali of Systems Technology
Incorporated, have suggested that the target aircraft be allowed to maneuver 4in a
controlled way, providing an external source of pipper error. We have simulated this
scenario on a digital computer and analyzed the results with the FRA program. The
results were encouraging. The AFTI-16 flying qualities engineers propose to test this
procedure during their flight test program.

CONCLUSXON

Hanaling qualities testing at Bdwards has changed quite a lot over the years. We have
moved away from what is perceived to be the wilder, less structured testing when the data
system was a soldier in an open cockpit cut into an carl; jet, and when Chuck Yeager was
flying the X-1. We saw the development during the 1950's of a pattern of essentially
open-100p testing which persisted through the 1960's and is in fact still very much in
evidence today. HMost recently, beginning in the early 1970's we saw the development and
gradual use of the SIPT aission oriented pilot-in~the-loop test and analysis techniques.
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These techniques have proven to be very helpful tools for pilot-in-the-loop bandli
qualities test and evaluation, both quantitatively and qualitatively. They have ptov;dzg
a method for early, quick, and complete identitication of handling qualities
deficiencies. In practice, SIFT test techniques (also calied HQDT) have alsc been an
excellent tool for optimizing flight control systems. BSIFT analysis techniques have
provided a powerful method for identifying the actual airplane dynamics in terms of
linear frequency response. Most importantly, SBIPT has forged a unique 1ink between the
qualitative pilot comments and the quantitative analysis results. We have briefiy
discussed several examples which illustrate this unique link. The spectrum of possible
applications of SIFT techniques is large, extending well beyond the limited scope of
hanaling qualities testing.
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HANDLING QUALITIES TEST TECHNIQUES
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Stick Force
PSD

Aggressive, Persistent,
Precision SIFT Tracking

Frequency

COMPARISON OF PILOT INPUT FREQUENCY
CONTENT USING AGGRESSIVE SIFT TRACKING
AND USING "NORMAL" TRACKING TECHNIQUES

Average Cooper-Harper Rating, Pilot 8

Figure 3.

8 ] 3 5 4
Average Cooper-Harper Rating, Pilot A

Cooper-Harper Rating Correlation between
Pilots A and B

Flight Control System Configuration

O Good - Pitch Rating
@ Good - Lat/Dir Rating
O Pitch Degraded - Pitch Rating
@ Pitch Disengaged - Pitch Rating
Rol1 Degraded ~ Lat/Dir Rating
Roll Disengaged - Lat/Dir Rating
A Yaw Degraded - Lat/Dir Rating
A Yaw Disengaged - Lat/Dir Rating
¥ Roll & Yaw Degraded - Lat/Dir Rating
¥ Roll & Yaw Disengaged - Lat/Dir Rating

No tic mark: 10 unit constant a turn at
Mach .85 and 20,000 feet

Tic mark right: 15 unit constant a turn at
Mach .85 and 20,000 feet

Tic mark left: Wind-Up turn at Mach .85
and 20,000 feet

Not all configurations and maneuvers were
flown by both pilots. The data shown was
collected from 62 Air-to-Air Tracking
maneuvers,

Cooper-Harper Rating Correlation Between Pilots A and B Obtained Using SIFT Techniques
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EXPERIENCE WITH SISTEM IDENTIFICATION FROM TRACKING (8IFT)
FLIGET-TEST-TECHNIQUES AT THE GRIMAN AIR FORCE FLIGHT TEST CENTRE

(Night test evaluation of the PIO - behaviour
of a belicopter with suspended cargo)

by

E. Buchacker

Bundessmt flr Wehrtechnik
und Beschaffung

AFB 16 IV
Flugplats
D 8072 Manching

West Germsny

SUMMARY

The report deals with pilot induced oscillations (PIO) which occured mainly during landing approach of a
medium size cargo helicopter with a suspended load. The flight test programme which was set up to gain
insight in the problem is briefly described.

Data evaluation showed that a bad combination of eigenfrequencies from a suspended load and the helicopter
caused a very poorly damped eigenmode. This mode could be excited by the pilot but was not controllable

for a human being because of the frequency (~ 11 rad/sec) involved.

A good correlation between pilot comments and flight test data evaluation was found.

1. Iatroduction
2. Theoretical NHodels with regard to a Helicopter with Suspended Cargo
2.1 Vertical Oscillatioms of the Cargo
3. Test Method
3.1 HNeasurement and Assessment Procedure
3.1.1 Quantitative Evaluatioa
3.1.2 Qualitative Assessment
3.2 Paremeters Measured
3.3 Tests Conducted
&, Analysis of the Test and Measuring Results
h.1 Assessment of Measurements
4.2 Assessment of Pilot Statements
5. Conclusions and Recommendations
6. BReferences
7. FMgures

1. ZNEROUCTION

During use of the CH-53 helicopter to transport externaly suspended cargos, severe oscillations occurred
repeatedly and especially during the approach phase. Based upon pilot statements, these oscillations must
be classified as "oscillations of the closed loop (ie,pilot/helicopter)", In some cases it was even
necessary to drop the cargo in order to restabilize the helicopter. '

The objective of the trials was to clarify how these oscillations develop and to give hints on the
avoidance or the prevention of PIO.
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2.  THBORSTICAL NODELS VITH FBGARD YO A NELICOPTER VITH SUSPRN(ED CAMGO

The following is an attempt to isolate the type of osoillations leading to PIO by seeans of a fow simple
wodels. Two types of cargo oscillations related to the helicopter seem to be important in the commectios
considered here:

a) pendulum oscillations of the carge
b) vertical oscillations of the cargo initiated by spring type oharesteristics of the cargo sling.

In order to be able to still present the relations in a simple and clear manner,the following considere~
tions are based upon the commonly used simplifying essusmptions of small angles; comcentration of masees
in the individual cemter of gravity; absence of demping; linear system behaviour end messless springs or
suspensions; because the pendulum oscillations proved not to be important for the case considered here
they are not discussed further.

2.1 VERTICAL OSCILLATIONS OF THE CARGO

Fig. 1 shows the model for estimating vertical oscillatioms of the aystem helicopter plus external cargo.

On the CH-53, the cargo hook is not directly connected with the gear box »r the rotor; but the load is routed
via the fuselage box to the rotor. The fuselage box is comparatively flexible. The model depicted in Fig. 1
approximates the fuselage to a spring and mass system (spring constant <y and partial helicopter mass M). The

cargo with mass m is attached by means of the cargo sling with the spring constant c, to the partial helicopter
mass M. This dual mass and dual spring systes is carried by the drive unit of the helicopter. Forces which

may excite the system to oscillate are the a&ir and sass forves produced by the rotor. These are the yperiodic
forces as & result of the rotor rotation om the cne side and the responses to the pilet inputs om the other
side.

With the frequencies

e, + ¢
.f..l.l_z. 2 % and the mass ratio PR

the following is obtained according to /1/ for the two naturel frequencies of the system:

2f 1 v 1/ ¥ 2 ":
- 1
v - '1[5“*;3’ + g0~ ;f’ M ]

Yy

In Fig. 2 the histories of the natural frequencies (H1 2) are presented versus the mass ratio (,4). Approximately
Al
typical values for the calculation of the CH-53 with external cargo were assumed to be

v
v = 66—:% wy = -'—:- = O.b; 0.2; 0.1

This corresponds to & spring constant retio of approximately 1:10 for the helicopter amd cargo sling. The
assumption that oaly a part of the helicopter fuselage mass is to be considered to be sa cecillating wass
justifies the extension of the calculation to mass ratios of,A-_- 2. Results of the flight trials verify that
the orders of magnitude used for the calculation were realistic.

The two naturel frequencies are close to the frequencies w, snd v, in the renge considered here (Fig. 2).

The upper paturai frequency vhich is approximately the matural frequemcy of the fuselage is well beyond
the renge that can be actively influenced by the pilot (~ 60 red/sec).

The lover matural frequency coincides closely with the naturel frequency of suspemsica sand oargo ('2) ia
the renge comsidered. Depending on the spriag constant of the cargo aling and the suspended load, frequen~
cies in the range from 3 to 23 red/sec way result. In this renge, the pilot is still adble to respoad to

the conillations occurring by comtrol imputs:but at frequencies above 3 to 6 red/sec,the rate of response
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of the man is generally no longer adequate to permit suitable and well adjusted contrel inputs. As it cam be
assumed, based upon the design of the cargo slings and the cargo shapes, the demping forces produced in the
system are only minor forces,and all conditions for the occurrence of a PIO are given in this case.

Considering the frequencies of the exciting forces that are present on the helicopter independent of the
pilot inputs, one will note that the main rotor frequency (approx. 19.i4 rad/sec according to /2/) and the
difference of the main rotor frequency and the lead-lag frequemcy (o™ lead-lag fregquency of spprox 5.9
red/sec according to /2/) are in the range of interest. Thus, “"air resonance phenomena"” may be sggrevating
the problea.

As a vhole,it may be concluded from the adove consideratiocns that the probless experienced may be cansed
by the posaidble vertical ossillations of the helicopter/exterasl cargo system.

3. TES5T MERROD

3.1 MEASURIMENT AND ASSESEMEWY PROCEDURE

Vhen investigating man/mechine systems, as in the present case, it is essential to apply test astheds which
provide a good qualitative observation of the systea behaviour by the participents in the test (the pilets)
during the test sequence as well as a technical evaluation apd assessment of the data echieved,

3.1.1 QUANFIBATIVE EVALEATION

Since a best assessment of a system by the man (pilot) is only possible when performing a tesk while using
the system which requires an exsct adherence to given valueas (such as target tracking tasks), it was obvious
that the data,(which was rather random in character); obtained in this case could not be assessed using the
classical methods of flight test techniques.

From fixed-wing tests in the USA /3/ and from own results /i/, it was known that the procedures to
analyse random events in the frequency range /5/, /6/ could be succesafully used for identifying

the system behaviour of aircraft. The time histories of the parameters of interest as measured during
the flight test were transformed into the frequency range by means of the Fourier analyeis. As a
first result, power spectral densities were obtained which permitted a statement on the preferred

occurrence of certain frequencies to be made.

For example,from the comparison of the power spectrum density of the normal acceleration with the power
spectrum of the movement of the collective stick,it can bde concluded whether the pilot astively comtributed
to en oscillation . If he did this can be seen by power pesks at the frequency in question occurring

in the power spectrum densities of the collective stick movement.

But in the system input and output power spectrum densities (i.e., "collective stick movement by the
pilot (system input)" and "normal acceleration at the pilot meat (systes output)”) the total infor-
mation on the system behaviour may also be found., Therefore, the system behaviour may be derived and
plotied in the form of Bode or Nichols diagrsmms from the comparison of the output and input (cross
power densities) and the power densities of the input and output. Ref. /7/ recommends the following
pilot model as adequate for investigating criticel stability conditions:

-t
"-".0 t

!

= trensfer functionm of the pilot
gain factor of the pilot
sagular frequemcy
delay time of pilot

-1
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By adding the pilot model to the derived system transfer functions, it is possible to obtain statements
with regard to the stability of the loop closed by the pilot from the Nichols chart.

3.1.2 QUALITATIVE ASSESSMENT

From the fixed wing tests experiences available,an air-to-air tracking manoeuver lent itself as a
flight task to be assessed. An Assessment Form replaced an assessment according to Cooper-Harper in the
present test series. A List of Questions and the Assessment Form had to be completed by the pilot after
the flight or a series of flights with, for instance, varying cargo mass,

3.2 PARANETERS MEASURED

Fig. 3 shows a summary of the to‘t pareneters used for this program and is an extract from the available +

] parameters,

8ince the first flight trials have proven that the Automatic Flight Comtrol System (AFCS) itself did not
introduce the PIO,the analysis of the behaviour of the autopilot was not continued. The accuracy

and quality of the analysis carried through in the frequency range concerned depends strongly

on the resclution of the parsmeters and less on the linearity and the temperature behaviocur. Furthermore,
the conversion of the analog signals into digital form played a decisive role. Here it

should be noted that the proper selection of anti aliasing filters prevents a backfolding of signal portiocos
of higher frequencies in the frequency renge that can be covered by digitalisatiom and, in addition,

the relations of the sigoals to each other is not manipulated due to different phase shift.

The resolution of the signals depends on one hand on the design of the transducer itself and,on the other,
on the bit number of the available analog-to-digital converter (ADC).

The ADCs uvailable at E-61 are designed for 12 bits and thus resolve the range of a signal in 4096 steps.
Therefore the limit resolution for all paremeters ‘s given by the transducer design.

The Trecking manceuvres used in the test progrem utilize the available parameter ranges up
to approx. 10 to 20 percent. This results in a resolution from 1 to 7 perceat of the remge of imterest.

3 Empirically the dynamic renge in which the pilot is able to operete is spprox. 3J db, i.e. approx. 30:1.
This renge cannot be fully covered with the available instrumentation system. This limited the achievable

4 quality of the amalysis. This camn be seen from the diagress by the partially far deviation of the confidence
§ limits of 95 % from the estimated test points.

3.3 TEST CONIUCTED

Fig. & presents a summary of the flights evaluated in this report.

The variables considered during this evaluation were: The cargo mass, the proporties of the sliag, aand
the friotion at the collective.

The manoeuvres flown were trecking tesks, including acceleration and deceleration, landing spproash and
hover. The target was a UH=-1D,

L

b, ARALYSIS OF THE TEST AND MEASURING RESULZS
b1 ASSESOENY OF MEASTRBNGEES

According to ref. 7 the trensfer behaviour, "norsal acceleration due to control movement®,plays a decisive

role for the ocourrence of PIO's during target trackiang msnoeuvres with the main task being to stabilise the '
sttitude of the airoraft 4n relation to a referemce (snother aircraft, ground). Therefore this 3
trensfer function is especially discuased below. 1
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The Fig. 5 and 6 show the power spectrus densities of the norsal acoeleration (4) and collective stiok
msovement (0b) of & flight without cargo (flight 14) and a flight with heavy cargo (flight 30) for the test

phase I (flight in ome direction vith heading changes of approximstely 36° to the right and left hand aide)
and phase IV (hover).

Jor both flight phases of flight th the power pesks are clearly recognisable iz the normal scceleration
spectrun density at approx. 20 red/sec which are ocaused by the main rotor. Ancther peak appears at
approx. 11 red/sec in test phase I. Its cause pgmight be the difference frequency of the main roter
frequency and the lead-lag frequency of seroth order. However, in both cases the sain rotor frequemcy is
dominating (larger amplitude).

This situstion is changed considerably (Fig. 6) when the helicopter is flowm with a suspended cargo. As
compared to the smplitude at approx. 11 rad/mec the smplitude of the main rotor frequency decreased con-
siderably. The energy in the systea is nov increasingly concentrating at tbe lower frequency. However,
this range still stimulates the pilot to take a controlling action where a suitable action would
generally exceed his capability.

In addition to the two frequemcies already discussed further pesks ocour between these two (flight phage IV,
Pig. 6) which are probably censed by the vertical automotion of the oscillating system, i.e. helicopter
with suspended cargo.

Fig. ? and 8 shov a summary of the frequency peeks in the renge fros 10 to 20 red/sec (1.6 to 3.2 Es) as
indicated by the pover spectrum demsities of the normal acceleration for the various test flights. Bimce
the histories for all test phases are generally similar, only the analyses for test phase I and IV are showm
a8 an exasple.

The main rotor frequency at 3.0 to 3.1 Hz is clearly recognizable. Below this
frequency, & whole series of frequency peaks appear which are distributed so that it is impossible to
state unambiguoualy with the means available here which one of the two natural frequencies can be
derived from the difference of the main rotor frequency and lead-lag frequency or the one from the
nelicopter/external cargo system.

However, a close relation to the fregquencies estimated in para 2.1 and those taken from ref. 2 is ocbviocus.

As there is & possibility that energy is transported into the helicopter/external cargo system at the
difference frequency "main rotor minus lead-lag", a cossidersble demping reduction at least will take place.

Fig. 9 to 12 show the trensfer functions normal acceleration (14) due to collective stick movemeat (Oh)
as a Bode diagrem for the flight phase I and IV for flight 14 and 30 already used as an example

Disregarding the values above U red/sec>which vary considersbly due to inadequate data quality in this
frequeacy range,asximum trensfer retios are found in the renge of 8 red/sec in flight % (without carge).

The order of magnitude of the pbase rotatious occurring in this case is 90°. The combimation of the trenster
behaviour found with a simple pilot model, as shown in pare 3.1.1, shows that the overall locp "pilot asd
helicopter” remains stadle and the pilot can accomplish his coatrol task without any extreordinary problems.
Fig. 13 and 1% contain the Nichols charts prepared for estimating the behaviour of stability.

For a helicopter with external cargo (flight 39, Fig. 11 and 12): the situation is completely differeat.

The maxisus trensfer factor ocours now At approximately 12 red/sec and is relatively

considerably higher them for the helicopter without cargo. Therefore,the attachment of an exturnal cargo
unfavourably effects the helicopter characteristies in twvo ways:

a) The ssximun trensfer factor is shifted to higher frequencies.
b) The system dasping is reduced.

Doth considerably complicate the task of the pilot to control the helicopter. The maximum transfer factor
is now in a range in which the pilot is no longer capsble of controling the helicopter properly. The Nichols

PR W PT W 3 OIE A Ty o e T b JA I Y BB AT % w5 e
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charts (Fig. 15 and 16) for the flight phases censidered also show clearly the reduction ef the stadility
of the slosed loep "pilot/helicepter with extersal cargo®.

During the flight test, a PIO occurred which forced the pilot to drop the cargo. Fig. 17 to *7 show the
transfer function "norsal acceleration due to stick movement" measured in this case. Fig. 2C shows a
detail of the associated time histories. From the comparison of the power spectrum densities of norwal
scceleration (14) and collective stick movement (4) (Fig. 17) as well as from the time histories

(Fig. 20), the response of the pilot to the motion which has the effect of maintaining the oscillation

can be seen.

Froa the retioc "maxisum trensfer factor to trensfer factor in the statiomary state”,the dsaping of the
system can be estimated.

m.mmw-,thnhumtenm(j)moﬂiutorot.ﬁ/m

1 1 0.5, 0.5
- and from that = (0.5 - (0,25 ~ ) )
oo ’ T

As a stationary value for determinating M, a mean value tsken from the initisl values of the trauasfer fumc-
tions "normal acceleration due to stick movement" was used.

The demping values *) found are summarised in Fig. 21 and 22. While Fig. 21 shows the influence of the

test phase, i.e. the influence of the flight condition with the cargo as parameter by means of four examples.
The influence of the cargo and the cargo attachment can be seen from Fig. 22. The considerable demping
reduction of the system with increasing extermal cargo is clearly recognisadble. (Fig. 22). The ome flight
with sn internal cargo (No 15) does not permit an unasbiguous estimation of the influence of internal cargos.

It can also be seen that landing approach and hover phase with large external cargos are critical
conditions as far as the damping is concerned (Fig. 21). For flight phase I, the results are partly
quite unusual, It seems that this flight phase stimulates the pilot the least to respond by more
frequent collective stick movement. This affected the quality of the data.

&.2 ASEESSMENT OF PILOT STATEMENTS

Pilot reports are available on two incidents at the Bervices and sn emergemcy drop during flight testing
at B-61 as a result of vertical csecillations. The essential parte of the reports are briefly repeated here:

Chase A.

"hile initiating the descent (at a forwerd speed of 30 to &G KIAS) eevere vertical
oscillations connected with abrupt oscillations (approx. 15°) sbout the longitudina)
and trensverse axis of the helicopter ococurred .....

In order to driag the helicopter baok into a sefe flight comdition agein I increased
the power with the result of even inereasiag vertical oscillatioms. Therefore I ordered
escee ! "Drop". After that the flight condition was immediately norsal sgain."

Chage B.

"After having passed a power trensmission lime the descent to approach the landing

field wvas initiated. When changing the collective pitch stick position the helicopter
started to osoillate vertically so severely that the flight attitude conld no lomger

be saintained. The amplitude of the ossillations inmoressed regidly. I tried to balmmee
out the oscillation by am immidiate climb, however, without suy swoeess. The oscillations
besane 50 severe that the helicopter threatemed to attain a2 unsontrollable conditiom,

*) Due to the rather arbitrery sslestieon of the statiemary condition the demping values found should met
be interpreted to e adoslute but ruther relative values.
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I told my copilot "Drop the cargo®. After havisg dropped the carge the
helicopter immediately returned to a norsal attitude.™

Chase C. External cargo mass 6600 kg

"Ia addition, durimg hover at & height of 150 ft inputs of approx. 2 om in
the direction "push™ were applied to the collective stick in order to check
the oscillating bebaviour of the carge in the vertical direction after the
seasuring progres hed been completed. After the 3'J input of unchanged
magaitude the helicopter started a no longer controllable "vertical bounce
80 that the external cargo had to be dropped in order to correct this
condition. From the initiation until the drop a period of approx. 3 seconds
was required; all hydraulic warning lights were illuminstod and extinguished
after having dropped the cargo. The external cargo was destructed but the
helicopter has not been demeged ....."

Vertical oscillation without excitation by the collestive stick did mot

ocour (extremely still air). All vertical oscillations produced by collective
stick excitation were of small amplitude and could be corrected again by
systematically "freesing in" the controls and by releasing the collective
trim, respectively, with the exception of the last test in hover during
which the helicopter continued the vertical bounces with a constant large
smplitude even after trim relsase.

All three incidents have in common the heavy external cargo mass, the excitation of the oseillation by
the tranafer of a vertical interference to the system, the feeling of the pilot mot to be able to
correct the comdition by normal or systematic mesns, respectively, as well as the decay of the oscilla- 1

tion after having dropped the cargo.

According to the results from Fig. 21 and 22 the heavy external cargo must have led to a considereble
damping redmction of the helicopter/external cargo system. The attachment of the external cargo produced
sn edditional paturel frequency in the system resulting in the susceptidility to air rescmance. This

csn be seen from the comparison in Fig. 5 and 6 as well as from the theoretical considerations given

in para 1. This additional naturel frequency is beyond the renge normally used by the pilot for control ‘
purposes. Eowever, an excitation at this naturel frequency is possible by somevhat abrupt or "jerky" ]
inputs by means of the collective pitch stick as deliberately used in case C. 1

In the two other cases it can also de sssumed that the descent was made in such an abrupt msnner that
the oscillation was excited. The systematic behaviour in the casen A snd B (initiation of a climb),
which can counteract pemdulum oscillations of a cargo, instead, causes, the contrary during vertical
oscillations. Due to the air resonance mechanisem a power increase vil. also introduce a higher power
in the oscillation.

Obviously in none of the cases described above,the colleetive pitch stick has been released completely.
Therefore no statement can be made whether such a procedure would result in the decay of the oscilla-
tions. Using the measured results as a basis,this seems to be possible. However, the measured results
do not consider the effects of the non-linear behaviour due to the oscillations (such as the loss of
hydraulic pressure). Furthermore, it must be doudted that such a behaviour (release of the collective
pitch stick) in the given overall situation "landing approsch" is practieable.

8ince the dropping of the cargo is changing the characteristics of the system eutirely, this leads

to the correction of the danger.us flight conditiocn according to the test results presented ia this
report.

Trom a gemeral point of view,all of the three quoted pilot comments describe the course of such an
event in a way that can aleo be expected from the measured results and the theoretical considerations.
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Two pilots of the test ceantre participated ia the second test phase (flight 2% te 31) and completed assessment
forme. Fig. 23 summarises the assessments of the pitoh, roll and vertical coatrel.

The plot of the assessment values versus the cargo mass shows & rather slight, ununifors tendency to a

poorer assesmment with imcreasing cargo mass (pitch and roll motiom) for all eases. This alss oerrespends
with the conclusions that can be drawn from the transfer funstion found for these moticas.

Quite unambigucusly, the degradatiom of the vertical control cheresteristios was assessed by the pilots. The
constant difference between the assessment of the two pilots is of ecurse more a persenal eemstant. The
unsmbiguous tendency should be oconsidered here as essemtial fact,

Summarising,it can be stated that pilot commemts and assesssent correlate in a quite unasbiguous msrmer
with the results found by wmeasuremsmts.

From these results, the system behaviour as measured correctly describes the PIO phenomenon and can
therefore alsc be the basis for a change of the system with the objective to reduce or eliminate the
PIO susceptibility.

5. CONCLUSIONS AND RECOMMENDATIONS

The generation of a PIO is gemerally initiated by inputs in the vertiocal directiom as fer instmmese typical
during landing approach (such as collective stick inputs, speed chunges and gusts). As the overall aystes
is demped only very slightly in th’homudml’!o frequency ocours in a renge that can no loager be
controlled by the pilot;only dropping the cargo will.especially in the case of heavier extersal cargos,
geaerally result in the recovery from the dangerous flight comditiom,

In prineiple, a better damping of the helicopter/externsl carge system or a displacemeat of the natural
frequency generated by the attachment of the cargo towards lower frequencies are conceivable as corrective
actions.

A reduction of the PIO susceptibility can also be achieved by making it harder to the pilot to rapidly 1
adjust the collective stick as necessary. This would be pnssible by increasing the collective stick

friction. However, in such a case it should be considered that an increase of the hysteresis width in the

actuator, which would result in an increase of friction, has in principle, a destabilising effect. This

corrective action represents an aid for the pilot in freezing in the collective stick position to

correct a PIO rather than an improvement of the stability of the pilot/helicopter loop. The upper limit

of the adjustment values proposed by the contractor should, therefore, by all means be considered.

Narkedly steady flying with slow control imputs especially during the landing approech and lsading phase
is also suitadble to hamper the ococurrence of a PIO situation.
6.
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Resolution in
Percent of Corner

Parameter Parameter Type of
Range Full-Scale Frequency, :
No. Designation Deflection He Recording
o4 Collective Stick Position 0 to 35° 0.1 - PM-aultiplex
ob.2 Collective Stick Position 0 to 30° 0.1 - PM-direct
by AFCS *)
05 Pitch Stick Position 0 to 28° 0.1 - PM-multiplex
05.2 Piteh Stick Position 0 to 28° 6.1 - MM-direct
by AFCS *)
06 Roll Stick Position o to 22° 0.1 - PM-sultiplex
06.2 Roll Stick Position 0 to 22° 0.1 - M-direct
by AFCS *)
W Normal Acceleration + b g 0.5 36 FM-multiplex
below Pilot Seat -
17 Roll Rate + 15%/8ec 0.7 6 PM-direct
18 Pitch Rate + %0°%/8ec 0.7 15 M-direct
Time Code 0.001 sec M-direct
*) AFCS = Automatic Flight Control System
Fig. 3 List of Parameters Used
. Value of Friction
Flight Cargo Mass Material of .
No. o Cargo Sling at Collective Pilot Remarks
Stick
L1 - - high A
15 Internal Cargo - high A
3000
18 3000 Polyamide high A
19 3000 Chain high A
0 5000 Polyamide high A
21 5000 Chain high A
o0} 2100 Polyamide high B P10 occurrence during hover
24 6600 Polyamide high A
25 3000 Polyamide low A
26 3000 Polyamide low B
2?7 5000 Polyamide low B
28 5000 Polyamide low A
29 6600 Polyamide low B
30 6600 Polyamide low A
1 6600 Chain low A PIO occurrence during hover
and emergency drop of cargo
Fig. b4 Test Flights Carried Through
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PREDICTION OF AIRCRAFT HANDLING QUALITIES
USING ANALYTICAL MODELS OF THE HUMAN PILOT

by
Ronald A. Hess
Research Scientist
NASA Ames Research Center,
Moffett Field, California 94035

SUMMARY

The optimal control model (OCM) of the human pilot is applied to the study of air-
craft handling qualities. Attention is focused primarily on longitudinal tasks. The
modeling technique differs from previous applications of the OCM in that considerable
effort is expended in simplifying the pilot/vehicle analysis. After briefly reviewing
the OCM, a technique for modeling the pilot controlling higher order systems is intro-
duced. Following this, a simple criterion for determining the susceptibility of an
aircraft to pilot-induced oscillations (PIO) is formulated. Finally, a model-based metric
for pilot rating prediction is discussed. The resulting modeling procedure provides a
relatively simple, yet unified approach to the study of a variety of handling qualities
problems.

1. INTRODUCTION

The advent of modern digital stability and control augmentation systems has created
a renewed interest in the study of aircraft longitudinal handling qualities. This
renewed interest is attributable to two factors: First, the higher order nature of the
dynamics typically associated with digital control systems makes analytical prediction
of handling qualities difficult. Contemporary handling qualities specifications (Ref. 1)
are written assuming 'classical" aircraft characteristics, e.g., in the longitudinal
mode, the existence of distinct and dominant short-period dynamics is assumed. With
modern systems, the short-period characteristics may be dramatically altered by feedback
aad the higher order control system dynamics may dominate the vehicle handling qualities.
Second, shortcomings in predictive techniques are made even more critical by the fact
that severe bhandling qualities deficiencies often arise in practice which are directly
attributable to the higher order nature of the digital control law implementation. An
example of this is the ability of high frequency phase lags or time delays in the control
system to sharply degrade aircraft handling qualities and to be a contributing factor to
pilot-induced oscillations (Ref. 2).

In the research to be described, a pilot-modeling technique for handling qualities
research, discussed in Ref. 3, is utilized and extended to cover higher order systems.
The characteristics of over thirty aircraft configurations are analyzed, primarily in
the longitudinal mode. Particular emphasis is placed upon those configurations where
control system dynamics and time delays have been recognized as contributing factors to
handling qualities deficiencies. The contribution of vehicle/control system dynamics
to PIO tendencies is outlined, and a metric for pilot rating prediction is discussed.

2. BACKGROUND

The pilot-modeling technique as discussed in Ref. 3 forms the framework for the
research described here. This technique utilizes the optimal control model of the human
pilot and a novel method for the a priori selection of dominant OCM parameters (index
of performance weighting coefficients and observation noise/signal ratios). A brief
tutorial review of the procedure for selecting index of performance weighting coefficients
is now presented. Consider the longitudinal tracking task of Fig. 1 in which the pilot
is attempting to minimize pitch attitude deviations 6(t) in the presence of atmospheric
disturbances. Ignore the dashed 'internal attitude command"” for the present. An accept-
able index of performance for this task would be (Ref. 3)

X
3= B %;f [ezmleﬁ + sz(t)/s,‘}]e\t
=X

where 8(t) is control rate.

As discussed in Ref. 3, we assign an arbitrary maximum allowable deviation to the
time rate of change of the error, 8(t), and denote it 8y. Now an effective time constant
T can be introduced to define maximum allowable deviations of ‘the integral and derivatives
of 6(t) as:
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The Jjustification for using a single time constant to represent the ratio of the maximum
value of a variable to that of its next highest derivative rests upon the system bandwidth
implications which follow whea Eq. (1) is used in implementing the OCM. VWe will also
assign a maximum allowable deviation to the time rate of change of the pilot's control,
3(t), and denote it 6". Similar to Eq. (1) we write

Gu = to be selected ;
= Gu/T H

Sy = Sy/T = 6y/T? ; (2)

The value of &y is not arbitrary, however, but is found using Eqs. (1) and (2) and the
vehicle dynamics as follows: Let the pitch attitude dynamics of the aircraft be given by

6 s"1 . an_zsn'z to. L tays ta
(& =K— a1 - 3
8" +b 8 "+ ... +Dbs+b
Then, as explained in Ref. 3, we write
V. e T VL e S N I LN £
iR 1% + |a_ /T3 + la,| + ) M “
( |*0-2] R LR LY

Thus, once T 1is known, 6! and Oy (and, if needed, 6y, etc.) can be determined immedi-
ately. Choosing T 1involves selecting a domain of 1/T: 1/4t < /T < 4/t and then
plotting J, the value of the OCM index of performance, vs 1/T. The operating point or
"knee'" of this curve determines T. The knee is defined as the point where

J

aJ . Irmt/a = Ilpmgr (5)
a1og(1/T) s log(4/t) - log T *

Here ng 1s a constant, nominally unity, which can be used to reflect manipulator
characteristics, much like an efficiency factor; v 1s the pilot's time delay (nominally
0.2 sec). JIT-1/4 is the value of the index of performance which results when T = t/4,

The ability of the OCM parameter selection technique to provide a pilot model which
matches measured pilot describing functions, remnant power spectral densities and root
mean square (RMS) performance measures was demonstrated in Ref. 3. In addition, the

B
.
4
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4
t
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modeling technique was shown capable of providing qualitative and quantitative handling
qualities assessments. The method for selecting observation noise/signal ratios for
the OCM is discussed in Ref. 3 and will not be dealt with here.

Although Eq. (3) shows dynamics of arbitrary order; all the pitch attitude dynamics
of Ref. 3 were of the form:

K. (s + 1/T,)
9 ) L
" 2 2 . (8)

s(s” + 2cnwns + un)

When higher order dynamics are encountered, the method for selecting the operating point
needs to be modified slightly. The large phase lags typically associated with the
dynamics of vehicles with higher order dynamics need to be reflected in choosing the
domain of 1/T to be used in Eq. (5). To accomplish this, a delay 1p is defined as
the delay which accrues when the vehicle dynamics of Eq. (3) are represented as

K (s + 1/T,) D®
] g's L’®
3T — @3 3" . (7)

s(s” + chmns + wn)

The parameters on the right hand side of Eq. (7) are found using a program to fit =&
linear transfer function model to the actual vehicle dynamics (Ref. 4). Equation (5) is
modified by simply replacing Tt with <t + 1p. The resulting equation is interpreted
graphically in Fig. 2. Calculating T and including it in Eq. (5) constitutes the
extension of the methods of Ref. 3 to gigher order systems. It is important to emphasize
that the actual higher order vehicle dynamics are used in the modeling procedure; Eq. (7)
is employed only to select Ttp which, in turn, determines the domain of 1/T used in
finding the index of performance weighting coefficients.

3. APPLICATION TO AIRCRAFT HANDLING QUALITIES
3.1 Pilot-Induced Oscillations -

Table I lists the aircraft configurations which have been analyzed in this study.
The designations in the column labeled "Configuration" use notation found in the corre-~
sponding references. The first sixteen deal with high performance fighter-type aircraft
in tracking or landing approach conditions and are taken from Refs. 2, 5, and 6. These
configurations constitute the test cases for the majority of the assessments. The next
four configurations are taken from Ref. 7 and represent pilot-in-the-loop simulations of
a hovering helicopter. Configurations 21-25 are flight test results from Ref. 8 in
which the Princeton University Variable Response Aircraft (VRA) was used to determine
the effect of digital sampling rates and time delays on longitudinal handling qualities.
The vehicle dynamics appropriate for 105 kts airspeed were used in the modeling procedure.
The pilot ratings used were average values obtained from altitude tracking and approach
and landing tasks (Fig. 3 of Ref. 9). Finally, configurations 26-32 are taken from
Ref. 10 where a moving-base simulator experiment on the NASA Ames Flight Simulator for
Advanced Aircraft (FSAA) was described which investigated a wings level-turm control
mode for air-to-ground weapuns delivery. Note that unlike the previous twenty-five
configurations, these involve lateral-directional aircraft handling qualities. The
effective vehicle dynamics for the lateral gunsight aiming task were parameterized by
a damping ratio g, an undamped natural frequency wy =and a pure time delay <t
(Ref. 10). The data for the so-called '"fine" task were used. This task is explained in
Ref. 10.

As an example of the modeling results, Fig. 3 shows the longitudinal open-loop
pilot/vehicle characteristics (YpY;) for three of the configurations used in Ref. 2.
Here, the NASA Dryden F-8 digital fly-by-wire aircraft is considered with a rudimentary
augmentation system ("Pitch Direct") and three transport time delays of 0.13 sec, 0.23
sec, and 0.33 sec, respectively. The predicted effect of the time delays is apparent
in the reduced open-loop crossover frequencies wg. This open-loop characteristic
obviously has a deleterious effect on the closed loop 6/8, transfer functions as shown
in Fig. 4 [8/6, = YpYc/(1 + YpY¢)]. This transfer function is important in assessing
P10 susceptibigity. Although the task has been defined as pitch-attitude disturbance
regulation, attitude commands 6 internally generated by the pilot would be employed
in precise agltitude regulation (8ashed line in Fig. 1). Note in Fig. 4, that as 1Tp
increases, |6/6.] and L0/6, decrease at all frequencies. Perfect command following,
of course, implies 6/6, = 1.0 at all frequencies. In Fig. 4, |8/8.] < 1.0 for all
configurations when w < 3.0 rad/sec, and is particularly poor for the configuration
with 1p = 0.33 sec. It can be readily shown that open-loop crossover frequencies leas
than 3-4 rad/sec will invariably result in poor closed-loop attitude command-following
characteristics. The simplest and most direct way for the pilot to attempt to improve
this closed loop command-following performance is to increase wc by increasing his
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static gain. If the pilot attempts this for the F-8 configuration with 1tp = 0.33 sec, .
a very lightly damped closed-loop oscillation occurs at w = 3.3 rad/sec (see Fig. 4).
This is identical to the P10 frequency shown in Ref. 2 for this configuration.

Similar results are also obtained for configurations from Ref. 5. Figure 5 compares
a pair of open-loop transfer functions obtained using configurations "11'" and "12" from
Ref. 5 and applying the pilot-modeling technique discussed above. Once again, the
dramatic difference in the crossover frequencies w, 1s apparent. The effects of the
pilot's attempting to improve the performance of configuration "12” by increasing his
static gain by 10 dB are shown in Fig. 6. Once again, a lightly damped oscillatory
mode is seen to appear. The simulations of Ref. 5 were intended to provide performance
comparisons for configurations which were flight tested and discussed in Ref. 8. The
latter report included Pilot-Induced-Oscillation-Ratings (PIOR) obtained using the scale
of Fig. 7. It is interesting to note that configuration '11" received an average PIOR
of 1 indicating a very satisfactory vehicle whereas configuration "12" received a
marginal average rating of 2.7 indicating a vehicle with definite PIO tendencies. These
experimental results are seen to corroborate the analytical findings just discussed.

Next, consider two configurations from Ref. 6 denoted as "4-1" and "6-1." Figure 8
shows the YpYe plots for these configurations. Configuration "4-1" received a very
satisfactory PIOR of 1 whereas configuration '"6-1" received a very poor PIOR of 4.
Indeed, configuration "6-1" produced a PIO in flight test with a frequency of approxi-
mately 3.75 rad/sec. Analytically increasing the pilot's static gain by 4.75 dB (the
limit for closed-loop stability) in the modeling-results for this configuration produced
a closed-loop oscillation at approximately 3.5 rad/sec. This 4.75 dB increase would
increase w, from around 1.5 rad/sec to only around 2.5 rad/sec as compared to a value
of 4.5 rad/sec for configuration "4-1."

Figure 9 shows the predicted YpYe's for a pair of contigurations from Ref. 9.
The task was longitudinal control in approach and landing using the Princeton VRA.
The variable of interest here was the amount of effective delay in the control system.
In the first, an effective delay of 0.055 sec was employed, while in the second, 0.355 sec
was used. Again, note the striking difterence in crossover frequencies in the predicted
pilot/vehicle dynamics. In the first case, w, = 3.4 rad/sec, while in the latter,
we = 0.55 rad/sec. Flight test of the first configuration showed no PIO tendencies,
while those for the latter produced PIO's (Ref. 8).

Finally, Fig. 10 shows the predicted YpYe's for a pair of configurations from
Ref. 10. In the first, the control system parameters were {pn = 1.4, wp = 2.0 rad/sec
and 1tp = 0.0 sec, while in the second, ¢{p = 1.4, w, = 15.0 rad/sec and tp = 0.49 sec.
The w, difference is again evident. Simulation results indicated that the configura-
tion with delay was definitely PIO prone and the one without delay was not. It is
interesting to point out that the coafiguration without delay still received an average
Cooper-Harper pilot rating of 6.5, even though it was not PIO prone. Thus, poor pilot
ratings, per se, are not a necessary condition for PIO susceptibility.

In each of the cases above, we have made direct comparisons of vehicles which were
found to be PIO prone with those which were not. This was done to emphagize the fact
that the method proposed here is clearly discriminatory in predicting PIO susceptibility.
The simple criterion for exonerating a vehicle from PIO tendencies requires that the
predicted pilot/vehicle crossover frequencies associated with inner attitude-loops be
greater than 3-4 rad/sec.

3.2 Cooper-Harper Ratings

Figure 11 is a plot of the Cooper-Harper ratings which the thirty-one configurations
from Table I received in simulation or flight test vs the value of a proposed handling
qualities metric defined as K;i[(tr + 1p)/1]1*-J. No ratings were reported im Ref. 10 for
contiguration 32 of Table I. ﬁence. only thirty-one data points are shown in Fig. 11.
The Kj can be interpreted as a 'calibration parameter" which, when multiplied by
C(t + tp)/t1*+J, allows the reported pilot ratings from different tasks and data sources
to coalesce as shown in Fig. 11. Note that we do not allow Kj to vary within the
analysis of any particular task, regardless of configuration changes. Thus, the analysis
of the six configurations from Ref. 2 used a single value of K; (call it K;y). The )
analysis of the seven configurations from Refs. 5 and 8 used a single value of K; (call
it Kj), etc. In all, six different K; values (each one corresponding to the lix
different symbols in Fig. 11) were used to generate Fig. 11. With the exception of K,,
all the parameters of the metric are an intrinsic part of the modeling procedure, and,
as such, involve no guesswork on the part of the analyst. In order to determine Ki,
the analyst must have an actual pilot rating for one of the configurations tested for
the task under study. If the analyat does not have such a rating available, PFig. 11 is
still useful, since the curve is nearly linear from a pilot rating of about 2.0 to 10.0,
a range which covers 80% ot the Cooper-Harper scale. Thus, relative rating changes may
be able to be predicted using the linear portion of the curve. Note that, with the
exception of one data point (Config. 19 from Ref. 7), the scatter in the ratings in
Fig. 11 is only about :4 a pilot rating.

The inclusion of the factor f(t + tp)/1)" in the metric deserves a brief discussion.
In previous research with the OCM, the value of J, alone, has been found to correlate .
well with pilot opinion rating (Ref. 11). In many of the configurations studied here,
however (those with <tp > 0), the value of J was not acceptable as a metric. In



http://www.abbottaerospace.com/technical-library

258

g general, the 'predicted" opinion rating increments were smaller than those reported in

3 experiment. There appears to be a reason for this based upon pilot tracking performasce.

! f Namely, when the task is disturbance regulation involving relatively low-bandwidth

| turbulence, large time delays are not necessarily a harbinger of dramatic deterioration

i in tracking performance. This is analytically verified by considering the RMS tracking
scores for configurations 1 and 3 from Table I. Here, a 154% increase in time delay

! between configurations 1 and 3 involves a 1log wc regression of nearly a decade.

However, the predicted RMS pitch attitude score increases by only 36% and the predicted

RMS control-rate score actually decreases. As we have attempted to point out here,

however, the same cannot be said for discrete command following or abrupt maneuvers.

In this case, w; regression can have a significant impact on the ability of the closed-

loop pilot/vehicle system to follow abrupt, internally generated commands. It certainly

is not unreasonable to postulate that such short-term response characteristics (in addi-

tion to RMS characteristics) are reflected in pilot opinion rating. Indeed, recorded

pilot comments support this notion (e.g., Refs. 2 and 6). The inclusion of [(t + rn)/tJ“

in the metric appears to account for the influence of these delays on pilot opinion in

a straightforward manner, employing an easily identifiable parameter (tp).

e R T

IR At A

i . 4. CONCLUSIONS
i .

The research summarized in this paper provides a unified approach to pilot/vehicle
analysis, and in particular for:

1) Modeling the pilot controlling higher order systems.
2) Predicting the susceptibility of aircraft to longitudinal PIO's.

3) Predicting pilot ratings for tasks when one configuration rating is known, or
predicting relative rating changes between configurations.

Although the majority of tasks studied dealt with longitudinal control, five lateral-
directional configurations were successfully analyzed with no changes in the modeling
technique.

5. REFERENCES

. 1. Anon.: Military Specification, Flying Qualities of Piloted Airplanes:
MIL-F-8785B(ASG), August 1969,

2. Berry, D.T., Powers, Bruce G., Szalai, K.J., and Wilson, R.J.: A Summary of an
In-Flight Evaluation of Control System Pure Time Delays During Landing Using the
F-8 DFBW Airplane, AIAA Paper No. 80-1626. 1980 AIAA Atmospheric Flight Mechanics
Conference, Danvers, Mass.

3. Hess, R.A.: A Pilot Modeling Technique for Handling Qualities Research, AIAA
Paper No. 80-1624. 1980 AIAA Atmospheric Flight Mechanics Conference, Danvers,
Mass.

2N T S

4. Seidel, R.C.: Transfer-Function-Parameter Estimation From Frequency Response
Data--A FORTRAN Program. NASA TM X-3286, 1975.

5. Arnold, J.D.: An Improved Method of Predicting Aircraft Longitudinal Handling
Qualities Based on the Minimum Pilot Rating Concept. Air Force Institute of
Technology, GGC/MA/73-122, 1973.

6. Smith, Rogers, E.: Effects of Control System Dynamics on Fighter Approach and
F Landing Longitudinal Flying Qualities, Vol. 1. Air Force Flight Dynamics 3
Laboratory, AFFDL-TR-73-122, 1978.

7. Miller, D.P.; and Vinje, E.W.: Fixed-Base Flight Simulator Studies of VIOL Aircraft
4 Handling Qualities in Hovering and Low-Speed Flight. Air Force Flight Dynamics
Laboratory, AFFDL-TR-67-152, 1968.

E 8. Neal, Peter T.; and Smith, Rogers E.: An In-Flight Investigation to Develop
Control System Design Criteria for Fighter Airplanes. Air Force Flight Dynamics
Laboratory, AFFDL-TR-70-74, 1970.

9. Stengel, R.F.; and Miller, G.E.: Flight Teats of a Microprocessor Control Systea.
Journal of Guidance and Control, Vol. 3, No. 6, Nov.-Dec. 1980, pp. 494-3500.

10. Sammonds, R.I.; and Bunnell, J.¥., Jr.: Flying Qualities Criteria for Wings-Level-
Turn Maneuvering During an Air-to-Ground Weapon Delivery Tassk. AIAA Paper No.
80-1628, 1980 AIAA Atmospheric Flight Mechanics Cunference, Aug. 11-13, 1980.

11, Hess, R.A.: Prediction of Pilot Opinion Ratings Using an Optimal Pilot Model.
Human PFactors, Vol. 19, No. 3, Oct. 1977, pp. 4859-4785.

1 —————— e ——————— ]


http://www.abbottaerospace.com/technical-library

Table I. Aircraft Configurations Analyzed

A R R S =
No. Configuration Reference
1 F-8 "Pitch Direct” 0.13 sec delay 2
2 .23 2
3 .33 2
4 "ISAS" 0.13 sec delay 2
] .23 2
] .33 2
7 "ap" 5,8
8 ""S5A" 5,8
9 "8A" 5,8
10 g 5,8
11 "10" 5,8
12 o b A 5,8
13 "ian 5,8
14 "3-1" 8
15 41" ]
16 "g-1" ]
17 "PH-28" 7
18 "PH-29" 7
19 "PH-32" 7
20 "PH-35" 7
21 Princeton VRA 0.055 sec delay 9
22 .1358 ]
23 . 255 9
24 . 355 9
25 .458 9
FSAA Wings-Level Turn [ 4 w T 10
(lateral-directional) n (rad;;ec) (sec)
268 1.4 15.0 0 10
27 1.4 2.0 0 10
28 2.0 8.0 0 10
29 0.7 6.0 o 10
30 0.5 4.5 0 10
31 0.3 4.5 ] 10
32 1.4 4.5 0.49 10
]
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}
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INTERNAL ATTITUDE COMMAND s |
aromvoe [aia DISTURBANCE =
COMMAND 1:':“' | _conTRoL 1 mTCeH . i |
0,20 —6— mior Fidvmmag e ! Tedtp | |
- e 4 1
Y, Y,
P ° ilﬂlﬁ*qﬁiu'"’n fog (4/irevg))
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SIMJLATION POR PREDICTING FLYING QUALITIES

Philip A. Reynolds
TIFS Program Manager
Plight Research Department
Arvin/Calspan Advanced Technology Center
P. O. Box 400
Buffalo, New York 14225

SUMMARY

This paper addresses the role of in-flight simulation in predicting and reproducing flying qusi-
ities. Reliable flying qualities predictions can be difficult. MNeasurisng workload is technically chal-
lenging. There are psychological and political pressures on the evaluation pilot. The variety of dynmm-
ics and the number of parameters involved in airplane flying qualities are large. The tasks are frequemt-
1y difficult to accurately simulate on the ground. Examples from several sirplane developmeat progrems
are presented to illustrate some of the faulty predictions that have besn made with ground simmistors.
These examples provide flying qualities situations that can be used for more formal comparisoms of
simulation with in-flight simulation and for developing general hypotheses which could thea be tested.
Modern in-flight simulation capability is discussed emphasizing model-following accuracy, model complex-
ity, and special effects such as artificial crosswinds, turbulence, and grommd effects. Cost effective-
ness is addressed. A role complementary to ground simulation is seen for in-flight siculation. The
suggests that simulation plamning could be improved by performing these formal experimeats to define the
predictive value of various ground simulator features such as large motion and high-quality visual cues.

LIST OF SYNBOLS
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Faa Roll stick force

L pitch stick force
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INTRODUCTION

In this time of inflationary pressures and budget squeezes, it is more important than ever to do
a better job of predicting flying qualities. In the later stage of an airplane's development, the high
rate of expenditure makes even short delays very expensive. Hopefully, the day is past when extensive
serodynamic fixes are required. These would be disastrous to the modern development program. Neverthe-
less, if flying qualities problems are first uncovered in flight test, the cost can be substantial even if
only flight control software changes are involved. Depending on the design, more costly firmware or hard-
ware changes may be required.

For presently obscure reasons, the motivation to improve our knowledge of how to predict or repro-
duce flying qualities does not emanate strongly from the ground training field. Increased crew training
in simulators is vital to both military and civil aviation. Good flying qualities reproduction which in the
; past has involved much of the same simulator technology as used in airplane development, should pay off
! i in less flight training costs in the actual sirplane. However, a relatively small portion of the pilot's
typical training curriculum involves flying qualities in the short term, closed-loop sense. The presence
of moving bases on training simulators attests to someone's belief that limited-motion acceleration-omset
cuing is cost effective. Depending on the mission and the training cbjectives, this may or may not be
true. On one hand, the discrete alerting side acceleration cue following an engine failure on takeoff may
: be quite important to training for cmergencies. On the other, it is doubtful that much is to be gained
3 . in teaching fixed-wing instrument flying procedures by adding motion to a well.designed fixed-base simuls-
tor. Thus, the training cost effectiveness of motion cuing in ground simulators is controversisl. High
quality visual cuing, on the other hand, is vital for many training tasks.

The thesis of this paper is that predicting flying qualities involves risk and that the modern
in-flight simulator can be a big help in reducing the risk. Much of this uncertainty srises from the
fact that experiments have not been done which can provide the data to cost effectively partition an air-

. plane development effort among simulator types and capabilities. A collection of experiences in several

t development programs is presented which illustrate the kinds of problems that prediction can encounter.

: These examples make the point that total reliance on ground simulation can be & mistake. The state-of-

) the-art in in-flight simulation is discussed to emphasize that this technology has matured emough to be
routinely used in airplane development and even in part-task training. Puture advances in this state-of-
the-art are forecasted to greatly add to our understanding of flying qualities.

PREDICTING FLYING QUALITIES

' The standard pilot comment after the first flight is that "it flew just like the simulator."

; If we could always be sure that this would be the result, we would have good reason to congratulate our-
selves and flight pay would be a lot lower. Unfortunately, that statement is usually the begimming and

, ending of effort to correlate predictions with reality. Also the pilot may not be specifically referring

: to flying qualities by themselves but to a more oversll impression of the sirplane's behavior which may
include rate of climb, stall speeds and other items of performance. Predicting flying qualities imvolves

. uncertainty. Some of this uncertainty lies in the process of flying qualities measurement. Some is due

! to psychological and political factors. Some is due to basic technical difficulty.

As is well known, flying qualities measurement involves closed-loop control performsnce and
) workload. Since flying qualities parsmeters can vary greatly at times without much effect on perfor-
i mance, we are obliged to measure workload. The workload, being largely mental, is mot easy to measure.
“ ! The task often has as much or more of an effect on the workload as the airframe/PCS dynsmics. If the
© engineer has not defined the task in sufficient detail or clearly commumnicated that definition to the pilot,
! the flying qualities measurement may be drastically affected.

The major psychological and political factors are also well known to those who have been dir-

) ectly involved. The ideal evaluation pilot is an independent observer. He has schioved s msasure of

3 objectivity from experience in many different airplanes and can successfully place his own ego in the back-
M ground. He is a trained evaluator who is able to recognize and be critical of flyiag qualities defi-

L ciencies. Unfortunately, the evaluation pilot can sometimes be far from this idesl. The political eavir-

onment is rarely benign. The evaluation pilot frequently represeats an orgsaization and carries iater-

ests from that relationship to the simulator. He may be under considerable pressure if he %as ceatrol

difficulties, thus a high workload may go unreported. Or, he may be competing with other pilots te be

the chosen one to fly the real vehicle.

The basic technical difficulty, aside from man-in-the-loop, is the sumber of dyasaic perem-
eters. Just when we think the vehicle is fully described for flying qualities sualysis purpeses, & new
b ] design exposes new parsmeters. Turbulence adds yet another dimension to the preblem and there is mo
- : geners] agreement on what description of turbulence is to be used for flying qualities assessments.

Theoretical models of the pilot have been developed to deal with the thicket of paremeters and data that
the empirical approach has encountered but their use is not widespread.
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REPRODUCING THE TASK

Despite the difficulties, the serospace industry has been moderately successful st predictisg
flying qualities using the Cooper-Harper rating scale to measure workload and a collection of simslation
techniques to reproduce the task and cue enviromment. Further progress in this regard seems to be ham-
pered by the lack of definitive data to select the proper simulator for each task. Practical knowledge
on the roles of visual and motion cues is not plentiful and what there’'is is hard to gemeralize. Whes
the decision on choice of simulator is made, the deciding factors appear to be svailability, cest, and
then task reproduction in sbout that order. Since the in-house simulator ususlly exists to satisfy the
organization's needs, decision to use other facilities is vare. There is & teadency to sccept a fixed-
base simulation vhen the task is perhaps not well reproduced simply because it is readily avsilsble end
cheap. A moving-base simulator may be used when excessive lags, insufficient degrees of fresdom or insuf-
ficient travel cause it to be no better a predictor than the fixed-base simulator. The optiom to use sa
in-flight simulator may not even be considered for a variety of reasons. The techmology is uafemilisr.
The user is not aware of cost trades. The user expects task reproduction quality to be poor. The simmu-
lator is not as assessible or manageable. There is the understandable tendency to think well of ome's
own simulation facilities; "of course" they can reproduce the task well enough.

Can we learn from experience? Certainly if the last airplane developed using the company simu-
lator flew as predicted and the new one is similar with only a few minor differences, the chances of poor
prediction are minimized. Yet there are surprises in flight test - Why? MNaybe we did not take the time
to make predictions and check them so the simulation becomes "calibrated." Maybe the fact that the air-
plane was Lovel 1 in the simulator and Level 2 in flight was not attributed to poor simulator predic-
tion. To perform a useful experiment in this regard, the simulator mathematical models must be substan-
tisted and the evaluation pilot/pilots, after being carefully briefed on how to accomplish the task, must
be reasonably objective. The fact remains that there are few documents we can consult that will tell
us whether a given simulation of the task and sirplane of interest will produce a reliable, unrelisble
or borderline representation of the flying qualities.

SOME EXAMPLES

The following are samples of research and development simulation work where the in-flight simu-
lation results or the real vohicle differed markedly from the ground simulation. The general task in
these examples is landing. Restricting the task to landing is not intentional and is probably not sig-
nificant except that the landing task if pursued aggressively in a challenging enviromment is one of the
most demanding of high-gain, closed-loop tasks.

1. Fighter Roll PIO on Takeoff and Landing, Refs. 1, 2, 3

Airplane developers have been unpleasantly surprised in recent years to find that roll control
gradients determined by ground simulation can be too sensitive by large factors. An example of this is
the uid-1970's development of s side-stick comtrolled fighter. After optimization on a fixed-base
simulator, the system described in Appendix 1 was flown in the NT-33A in-flight simulator. The T-33 sim-
ulation,linearized except for breakout force, showed a tendency toward low-smplitude PIO on landing
spproech (takeoffs were not simulated). The roll sensitivity was reduced for the first flight as shown
in Figure 1.

Ref.2 p/p, = 46, K = .20
p/p, - .31, k= .12

1.3 T-33

[ L]
A Fit. 0, M. 2

-

p ~ deg/sec

Final system
hf.sm

Figure 1. ROLL RATE RVOLUTION, V = 145 KIAS. (1 1b. = 4.45N)
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During high-speed taxi tests prior to first flight, the prototype inadvertently became air-
borne. The left wing dropped rather rspidly and the pilot became immediately involved in a roll P10 which
went through 10 cycles in 14.3 seconds (Ref. 2). The airplane was nearly lost. The pilot was able to
open the roll control loop by continuing the unplanned takeoff to altitude to avoid wing strike. Analysis
of the data showed full roll control and highly nonlinear behavior which undoubtedly aggravated the PIO
as observed in the T-33. The stick shaper function, Figure 2, wes reduced and the forward loop gain was
also reduced. By the end of the flight test program, the roll rate per pound of stick force in the low
roll rate control region had been reduced from the original ground simulator optimum value of sbout 13.0
deg/sec/1b (2.9 deg/sec/N) to about 1.2 (.27). The stick force to produce 30 deg/sec, a typical maximm
value for landing, had been increased from 2 1bs (8.9N) to about 12 lbs (53.3N) neglecting breskout. The
reduction in forward loop gain not only reduced the steady roll rate and incressed the "roll mode™ response
time, but also (as pointed out by C. Chalk of Calspan Corporation in an unpublished analysis) proportion-
ately decreased the initial roll acceleration following a sharp input. Therefore, although the steady
roll rate per pound has been reduced by a factor of eleven, the initial roll acceleration per pound has

been reduced by a factor of 181 b
0 T
Ground simulator
12/1/72 data for Ref. 1
! First flight, Ref. 2
k=20
200
150
Py~ deg/sec
100
Fina) system .
e -,
Ko .12 3
) / -~
o § 0 ]

P_~lbs.
a
Figure 2. STICK COMMAND FUNCTION EVOLUTION (1 1b. = 4,45N)

Reference 4, pages 331-344, uses this example to come to the strong recowmendation - “do not
rely on fixed-base or limited motion sisulators for compliance with this requirement" (roll axis comtrol
sensitivity).

2. Fighter Pitch PIO in Landing (Ref. 1)

In this new fighter development program, the NT-33A in-flight simulator was used by the Air Force
to provide added confidence and pilot familiarity prior to first flight. The flight control system had
been designed and developed with the benefit of a ground simulator with large motion capebility. The re-
sults of the ground simulator investigation have not been documented in the litersture but it can be
assumed that the landing flying qualities of the fully operationsl FCS (Appendix 1) were expected to be
Level 1. T-33 in-flight simulation, using the response feedback technique and approximations to the FCS
oversll pitch rate transfer function, revealed a landing PIO that was s serious problem to all the evalus-
tion pilots. The pilot comments were typical of Level 3. The P10 susceptibility was not slight or the
result of an off-nominal approach or unusual gusts. It was an obvious deficiency. In subsequent
simulations on the same facility, it was reported that PIO was evident. It was also stated, aftet the fact,
that the visual display was not of the quality judged sufficient for the landing task. Whether the landing
techniques in the ground simulator and the in-flight simulator were the same is not a matter of recoxd.

The FCS was modified and evaluated in the NT-33A as Level 1. The actual airplane as modified
proved to be Level 1., Without in-flight simulation, the airplane might have been lost or severely dam-
aged on the first flight, At best, a costly delay in the flight test program to work out the remedy would
have resulted.
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3. Supersonic Transport Relaxed Pitch Stability, Ref. S, 6

This comparison between ground simulator and in-flight simulator experiments comes from s pro-
gram to generate dats on minimum acceptable longitudinal stability. The e iments consisted of twenty

XpeT
configurations made up of variations in C, . G, +C, ., and o (pitch static stability, pitch damping,

[
and speed stability) on s baseline supersogic dl1ta wing airplane with no stability sugmentation. Although
the original intent was not to compare ground with flight, these experiments constitute one of the few
documented instances where the same dynamics were exsmined by the same pilots doing the same task. The
ground facility was the FSAA at NASA/ARC - an engineering research simulator with a conventionsl 60 de-
gree diagonal visual scene and a 6 DOF motion base with large lateral travel but normal travel otherwise.
The in-flight simulator was the AFWAL/Calspan Total In-Flight Simulator (TIFS) with model-following, 6 DOF
capability. The baseline airplane model was simplified for the in-flight simulator but was closely com-
parsble. :

Perhaps the most noticeable factor in comparing the two experiments is that the flying qualities
prediction problem is very challenging for both methods of simulation. For example, consider the data
scatter for Configurations 2, 3, 4 and 5 constituting the basic variation of Cm toward increasing insta-

bility (Table 1). The time to double amplitude of the dominant mode decreased $rom about sixty seconds
in Configuration 2 to two seconds in Configuration 5. Yet along with this controlled variation, there
were uncontrolled factors such as pilot learning and control technique and partially controlled factors
such as turbulence magnitude and spectrum which disturbed the orderly progression of pilot ratings toward
unflyable. The data analysts sttempted to correct for these undesired effects in determining where the
6.5 boundary should be drawn. Effort to extract significant differences between ground and flight was
outside the scope of the investigation, but both the ground and flight data analysts drew the 6.5 boun-
dary at about the same level of time to double amplitude.

This example is interesting, among other reasons, because when most investigators would have
and, in fact, did anticipate differences between ground and flight, there were no straightforward dis-
crepancies. Raw averages of the ratings in Table 1 illustrate this point. Since the ground-based heave
motion cue was only a small fraction of the in-flight cue and the pitch cue was missing entirely (through
a simulator malfunction) one might conclude that motion cues play a quite minor role in this high-stress
task. Perhaps this conclusion is erroneous but a more carefully controlled experiment is needed to demon-
strate this.

TABLE 1
C-H RATING COMPARISON FOR EXAMPLE 3

1 11 III Iv Total Variation Av » Rati

Conf. | Fit. G6rd.] Flit, | Grd. Fit. JGrd. Fit, | Grd. Fit. ord., TIt. N
2 4 --- {8 to 10l 6 —-- 5 6to7 6 4t010|S¢t6 6.5 5.7
3 |6to? 6 |4to5]9to10] 6 6 7 | 6to10j4 to 7 7.0 5.8
4 [ ——- 7 Sto7| --- 6 7to8 9 §to8 |6to9 6.5 7.0
5 10 -e- c-- 9 10 10 7 to 10] 10 7to10]|9to10 | 9.5 9.7

4. Advanced Supersonic Transport Lateral Acceleration During Roll, Ref. 7, 8

This research is especially interesting from a flying qualities prediction viewpnint because
a new parsmeter for transports was discovered - lateral acceleration at the cockpit during roll. The
acceleration was large for this design because of the long fuselage, the angle of attack on landing ap-
proach, and the lateral-directional control system design. The design included high roll damping and used
yaw control to maintain sideslip angle small during roll. Because the airplane was designed to roll about
the flight path, which was some 36, feet (11.m) below the pilot at the approach angle of attsck, the lin-
ear side acceleration due to roll angular acceleration was high. This was further aggravated by the high
initial roll acceleration resulting from the small roll mode time constant. The data in Appendix 1 shows
that for a goordilutod turn entry, where r_, = n_= 0 just after roll control input, there was .02 g's
per deg/sec® roll acceleration at the pilof‘s sti{tion.” For a 1 1b. step input at the control wheel grip,
the steady state roll rate is 1.7 deg/sec and the peak roll acceleration is about 4.7 deg/sec? giving an
sbrupt lateral scceleration of .09 g's - a very distracting jolt.

When the airplane was evaluated on a fixed-base ground simulator, this side accelerstion was
completely unknown to the pilot. Not only was the motion cue missing but also the ball indicator, drivea
by the muc* smaller side scceleration at the center of gravity, gave no indication of the cockpit motionm.
The overall pllot rating for landing was 2 in the ground simulator and 7 to 8 in the in-flight simulator.
The motion enviromment in flight was reported from s ride quality viewpoint to be disturbiag to the point
where the pilot found it virtuslly sible to fly the limo smoothly. Menikin effects probably
were a factor. (It is worth noting that the real SST might ve differently, either better or worse,
from both of these simulations due tc the presence of wing and fuselage structural flexidbility. Struc-
tural dynamic motions were not included in the research described here).
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Space Shuttle Orbiter Landing Pitch Control, Ref. 9, 10

The final landing of the shuttle Approach and Landing Test (ALT) program was made on the 15,000-
foot main runway at Edwards AFB. Just prior to touchdown & PIO occurred in pitch followed by a bounce and
then a PIO in roll before the vehicle finally settled on the runway. The f£light control system had been
designed using extensive fixed and moving base simulation. No PIO problem had been noted. Several in-
vestigations involving analysis and simulation were subsequently undertaken. The simulations involved the
FSAA and the TIFS along with various other facilities. A description of the TIFS experiment is given in
Reference 9 and the results are analyzed in Reference 10.

The pitch axis characteristics are given in Appendix 1 in approximate form. The hand controller
on ALT had a light gradient with strong centering. The pitch rate feedback FCS employed positive elevon
feedback to produce a proportional-plus-integral transfer function in the forward loop so that stick de-
flection away from center commanded a pitch rate and return to center produced attitude-hold. The response
vas fairly slow with significant time delay. It is also important to note that the pilot station was near
the center of percussion of elevon aerodynamic input so that the initial vertical acceleration following
abrupt pitch input was very small.

PIO during the TIFS simulations was a subtle phenomenon although the PIO susceptibility was not.
The pilot ratings ranged from 2 to 8 depending on task definition, pilot training, pilot technique, gust
disturbances and necessity for corrections late in the flare. Indeed, the results on the first five actual
ALT landings where the first four were smooth and uneventful suggest that the problem might be difficult
to predict. (It is probably significant that these first four were lakebed landings with no requirement
for rapid corrections near the ground). However, in-flight simulation provided flying qualities like the
behavior of the ALT on its final flight. To quote from Reference 10, page 35:

"TIFS results indicate the Orbiter's longitudinal handling qualities during the landing phase
are worse than what was realized by the AFFTC prior to the TIFS program. The increased pilot
gain provided by the actual flight environment of the TIFS simulator brought out longitudinal
handling qualities deficiencies in the Orbiter that were less apparent on previous ground-based
simulations. Numerous longitudinal oscillations of the type experienced during the landing
phase of ALT Free Flight 5 were encountered during the TIFS program. Several larger amplitude
and divergent pilot-induced oscillations were also encountered."

Subsequent to these investigations in 1978, additional ground simulations of the orbiter land-
ing have been carried out on the NASA/Ames Vertical Motion Simulator (VMS) and in the TIFS. These tests
have shown that there are also significant differences in PIO susceptibility between the VMS with its
large vertical travel and high bandwidth and the TIFS for the precision landing flare task, with the in-
flight simulator providing the more faithful prediction of the orbiter PIO problems.

Advanced Subsonic Transport Direct Lift Control, Ref. 11, 12

Over the past several years, the Dutch National Aerospace Laboratory (NLR) has been conducting
a carefully controlled series of advanced transport evaluations. Flight control systems including rate-
command, attitude-hold, stability augmentation and direct 1lift control were studied using a moving base
ground simulator and an in-flight simulator. The latter was used as a means to verify and calibrate the
ground results, particularly in the flare and touchdown part of the landing task. There were several
similarities and several differences in the results. The familiar difference of touchdown sink rates was
apparent with the ground similator averaging 4 fps (1.2 mps) while the average in flight was 2 fps (.6 mps).
As the basic pitch response parameters were varied, the pilot rating variations were comparable. However,
the variations with direct lift control were optimistic in the ground simulator. As shown in Fig. 3, the

10 2
l”. Mrect LIft Qain, sec.

DIRECT LIFT EVALUATION (EXAMPLE 6)
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rating continued to improve with increase in direct lift control gain in the ground simulator and showed
a reverse trend in flight due to the objectionable vertical accelerations. In fact, the point plotted at
K « 25 in flight was not formally evaluated because pre-evaluation showed the rating would be poor
egggih not to be of further interest. It is this configuration which is described in Appendix 1.

It should be noted that the aerodynamics described in Reference 11 describe a backside speed
variation with flight path angle, and the authors improved the pilot ratings by half a point extrapolating
to a frontside operation. The flight results were for frontside operation and thus are comparable with
the extrapolated ground results shown in Fig. 3. It should also be noted that the pilots’ speed control
complaints were louder and more numerous in flight than on the ground even though one might predict the

opposite.

GENERALIZATIONS

The above examples are not results of rigorous experiments comparing ground with flight but per-
haps they point the way to fruitful areas of investigation and to general hypotheses which need testing.

We might ask the following questions:

a)

Is it true that, lacking the strong phase lead information of roll acceleration and accel-
eration rate, the ground simulator will almost always lead to overly semsitive roll control
gain selection? Can peripheral visual cues help?

b) 1Is there a similar effect in the pitch axis?

c)

Is the statement that if the flying qualities are good in the ground simulator they will be
good in flight a valid generalization? The examples quoted above tend to refute this.

Is the statement that if the flying qualities are poor in the ground simulator (i.e., the
pilot workload and compensation are high) the prediction will be unreliable a valid general-
izaticn? The experimeat from which example 3 is taken shows that although the scatter was

great, the stability boundary was correctly predicted.

d}

Can we explain, in general terms, when complete motion cuing improves flying qualities,
when it leads to combined flying/ride qualities difficulties, when it degrades flying qual-

ities?

Is it useful to distinguish between the simulator transfer function from computed motion
to platform motion and the pilot transfer function from platform motion to control action?
Can the presence of PIO's in flight and not on the ground be due more to "cue gain" differ-

ences than "pilot gain" differences?

Is there a cuing threshold (possibly a function of vehicle and task) below which the pilot
will tend not to close that.particular loop even though the cue may be perceptibler If so,
this may lead to a rationale for deciding when adding ground-based limited motion to a sim-

ulation plan is not cost effective.

g)

Can flying qualities degradation in turbulence be correctly predicted on the ground or are
the motion cues simply inadequate?

MODERN IN-FLIGHT SIMULATION CAPABILITY

How close can the modern in-flight simulator come to predicting the flying qualities of a given
airplane? The flying qualities are usually accurately predicted if the math model is accurate. Model
following lags are minimized by feedforward techniques and occasionally compensated by model lag reduction.
Aerodynamic control surface bandwidths are in the neighborhood of 3.to 10.Hz.. Elevator and rudder inputs
act through the stiff fuselage structure to produce pitch and yaw accelerations at the pilot's station.
The ailerons typically act through wing bending modes of lower frequency to produce roll accelerations.
The Toll system will be somewhat slower if a single actuator, mounted at the centerline, acts through
cables. However, even for an in-flight simulator the size of the TIFS, the c.g. roll acceleration starts
only 80 ms after the start of aileron deflection and the actuator and cable lags are small giving an over-
all roll acceleration lag of about 100 ms. Other motion acceleration lags are about the same or less
except for the fore-and-aft force control through the throttle controls which includes the lag of the prop-
jet engine thrust to throttle motion input. The velocity model-following performance is quite good because
the motion bandwidth requirement is low. Peedforward from model-commanded accelerations improves the mo-
del-following performance of the feedback error comparison system to eliminate all but actuation system
and structural flexibility lags. When the model contains serial lags such as a smoothing filter in the )
command path, they can be modified to account for even these simulation lags. !

Because in-flight simulation, with its resl worid cues, serves, in many instances, the role of
the final suthority, the cuing sccuracy receives such attention. Frequency respomse information for each
comsanded degree of freedom are evalusted for amplitude flatness and phase lag minimization. The motion
response coupling (heave 12sponse to pitch command, for example) is minimized. .Motion time histories of
the model and the simulator are overlayed to examine initis! lag, rise time, ovarshoot and steady state

orrors.
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H Model complexity has increased ste ' ' in recent years, With the advent of small, powerful

: airborne general purpose digital computer:. it is no longer necessary to linearize or to omit small terms
from the equations of motion. Configurati.n change is faster and easier to accomplish, flight control
system logical features can be reproduced, mode switching and failure mode transients can be duplicated
and accuracy is improved.

The motion limits dictated by the in-flight simulator basic performance, maneuverability and
control power are compared with the model characteristics to determine simulation limits. For example,
the simulator direct vertical force control moves roughly in proportion to the ratio of the simulator and
model nf/h'c. The permissible control deflection at a given airspeed is a function of vertical load fac-
tor giving rise to an operational area on a plot of deflection limit versus load factor. The intersec-
tions of the operating line defined by (n{/u)/(ni/a) and the boundaries of permissible area determine
the positive and negative load factor limits tha call be used in simulation.

Simulation under conditions where the simulator and model airspeeds are not the same has been
worked out for several different motion matching criteria. The criterion perhaps of most interest is
matching angular rates and linear velocity perturbations. The up-and-away flying qualities are repro-
duced for small departures from unaccelerated flight. The smaller the airspeed difference, the larger
can be the perturbations. This technique is used for tasks such as in-flight refueling.

; Several special features make landing simulation more accurate. By trimming in a wings-level

; sideslip with zero side acceleration using the side force capability, the simulator can introduce cross-

- wind to the landing task. Likewise, the effects of an unwanted real crosswind can be removed by using

the same technique. Using a sensitive radar altimeter signal, the crosswind can be made a function of al-
titude. Artificial head and tail winds can be introduced through the simulator's ability to adjust trim
attitude and flight path independent of airspeed. The existing real turbulence is measured and fed to the
model. The model-follewing system tends to suppress the TIFS response and substitute the model response.
Random turbulence is also produced by playing tape recorded signals of the desired statistical behavior
into the model equations. The amplitude of various components can be changed as a function of altitude
using the radar altimeter signal. This signal is also used to produce the forces and moments due to
ground effect which are important in defining the landing task in the flare. Proper touchdown eye height
is produced by computing when the model wheels contact the ground and cuing the pilot. Actual touchdowns
are used when the jolting penalty for a poor landing is needed to motivate the pilot or to expose the
effects of high gain behavior. Discrete gusts are sometimes programmed into the landing task to force the
pilot into aggressive control action which may trigger PIO.

The cost per evaluation hour in an in-flight simulator is comparable with that of the large mo-
tion ground simulators. Its productivity for the landing task in terms of approaches per hour is not as
great because of the "reset" capability in the ground simulator. Perhaps, however, in-flight simulator
technology for generating real and complete motion, combined with the rapidly improving capability to
generate bright, high detail, wide angle artificial visual scenes could produce an even more powerful
simulation device for predicting flying qualities with improved cost per run!

Frequently, the point is made that the in-flight simulator is capable of producing more accurate
flying qualities prediction because it is real. This point is probably valid. The pilot finds it natural
to fly with the same technique and concern that he would use in the actual airplane. It is true that the
safety pilot is always there, so in very critical situations, the pilot's 'gain" (urgency, intensity) may
still not be as high. Also properly motivated test pilots probably fly the ground simulator with the
same concern to perform well as they do their aircraft. Thus, it seems unlikely that pilot respect
for the simulation and concern for the consequences of his control action would explain many of the dif-
ferences found between ground and flight. Yet these differences continue to appear.

ROLE OF IN-FLIGHT SIMULATION

As illustrated by the examples in this paper, in-flight simulation has been used to complement
analysis and ground simulation. The major use, aside from research, has been for final system verifica-
tion, but it has also been a crew trainer prior to first flight and a test bed for flight hardware. Ex-
perience with new airplane development support suggests that earlier use would be more cost effective.

If FCS design deficiencies had been discovered earlier, time and money would have been saved. In Exam-
ple 6, it is obvious that early knowledge of the normal acceleration problem has potentially large econo-
mic impact. Although a supersonic transport is not currently under development, it is clear that early
awareness of the lateral acceleration environment from Example 4 has added greatly to understanding the
constraints on lateral control design and would save development dollars on any such prograa.

As Example 1 shows, there is also a role for in-flight simulation after the first flight. The
roll control gain and maximum authority was changed considerably during the test program as shown in Fig-
ures 1 and 2 with all development done on the test airplane. Since the test airplane is much more expen-
sive to fly than the simulator, and the cut-and-try mode of fixing FCS problems on the test airplane is a
very costly route to the final solution, the combination of in-flight simulation and test airplane flying
should be explored.

We do not fully understand why ground simulation did not correctly predict the flying qualities <
in some of these examples. If formal experiments show the ground-based cues to be insufficient for some b-
tasks and sets of flying quality parameters, the in-flight simulator should be involved at all stages of

airplane development where these cases are studied.

The USAF owns the TIFS and the T-33, and currently makes them available to any organization in
the industry. These facilities are accessible and can operate any place in the country. Through tele-
netry link, the TIFS could operate as a motion base for a model already mechanized in the contractor's

TN T . ' e IR I TN 5. — —_
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ground simulator. The cost of preparing another simulation is thus minimized.

The examples of this paper are certainly not the only instances of poor prediction from ground
simulators. Likewise, the picture painted here does not include airplanes for which the prediction was
accurate and unequivocal. Simulation technology is evolving rapidly in modeling accuracy and visual
cuing to deal with real mission complexity. We should also do the experiments which will sharpen our
ability to choose the proper simulation facility for flying qualities evaluation. The formal experiments
could start by imbedding the examples here in a related spectrum of airplane dynsmics and FCS designs.

As far as is possible, all factors affecting flying qualities should be identical from ground to flight
except, of course, the motion and visual cues. Careful attention should be paid to task definition and
evaluation pilot briefing. In-flight simulation should be used for the flight portion so that the model
behavior can be matched to the ground simulator without costly flight testing and model development. The
results of this kind of simulation research could herald a new era of improved airplane flying qualities.
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APPENDIX 1

DYNAMIC CHARACTERISTICS IN EXAMPLES t

! (1 1b. = 4.45N; 1 in, = 2,54 cm) ¢
* 1. Fighter roll PIO on takeoff and landing, References 1 and 2
. ¥ = 145 kts.
Shaper
Feel System ~ Prefilter Actuator FCS/A{irframe

F °r faa| | store P 1 1 45[1.2][.3,1.5]
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Fighter pitch PIO in landing, Reference 1

V = 118 kts.

Feel System

F
1 el 6 [2.102.3]1.4,11.] 1 5.7[.71 q
~—] 0 to 10 Sl —>
[.7,31.]) >10 f.o10s.] (.7,4.1} [.7,60.]1 | [.9,2.] | ~ deg/sec

Prefilter Actuator FCS/Airframe

Breakout £2.5 1bs.
Hysteresis *.5 1bs.

Supersonic transport relaxed pitch stability, Reference 6
V = 160 kts.

Actuator Airframe

1 o s 2.57 deg/in Ref. 6
11,
{.85,15.] [1.0,32.9) pages 16-22

Breakout *4. 1bs,
Hysteresis +.51bs.

Advanced supersonic transport lateral acceleration during roll, References 7 and 8

¥ = 153 kts., a = 8.2 deg.

Feel System Actuator/Airframe/FCS

3.4 S, .§[.31) p

—
[.1,13.9] | ~ dea [.291[.8,6.5] ~ deg/sec
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Dgy ~ deg/sec?
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F
S. Space shuttle orbiter landing pitch control, Reference 9
3 ¥V = 290 kts. to 180 kts. (at touchdown)
¢ Palm Pivot
i Hand Controller Shaper .
. T 3 . L
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Z 6 Advanced subsonic transport direct lift control, References 11, 12
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+
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