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Unified Theory for Aircraft Handling Qualities
and Adverse Aircraft-Pilot Coupling

R. A. Hess*
University of California, Davis, Davis, California 95616

A unified theory for aircraft handling qualities and adverse aircraft-pilot coupling or pilot-induced oscillations
is introduced. The theory is based on a structural model of the human pilot. A methodology is presented for the
prediction of 1) handling qualities levels, 2} pilot-induced oscillation rating levels, and 3) a frequency range in
which pilet-induced oscillations are likely to occur. Although the dynamics of the force-feel system of the cockpit
inceptor is included, the methodology will not account for effects attributable to control sensitivity and is limited
to single-axis tasks and, at present, to linear vehicle models. The theory is derived from the feedback topology of
the structural model and an examination of flight test results for 32 aircraft configurations simulated by the U.S.
Air Force/CALSPAN NT-33A and Total In-Flight Simulator variable stability aircraft. An extension to nonlinear
vehicle dynamics such as that encountered with actuator saturation is discussed.

Introduction

A N adverse aircraft—pilot coupling (APC) or pilot-induced os-
cillation (PTO) can be defined as an unwanted, inadvertent, and
atypical closed-loop coupling between a pilot and the response vari-
ables of an aircraft.! APC or PIO problems are not new phenomena;
indeed, they have been around since the Wright Brothers and have
been referred to as the senior handling qualities problem.? McRuer?
gives a concise historical perspective of the P10 problem, including
a review and discussion of germane pilot behavior patterns.

Because of a strong correlation between APC/PIO susceptibility
and modern, full-authority control systems employing fly-by-wire
(FBW) technology, interest in studying the APC/PIO phenomenon
has been increasing. For example, NATO’s AGARD convened 2
special workshop on PIO,? and NASA has sponsored a National
Research Council committee to study the problem of APC/PIO.?
U.S. Air Force interest in the APC/PIO problem has led to the pub-
lication of four reports under the general rubric of a Unified PIO
Study.>—®

Despite the amount of research that has been directed toward so-
lution of the APC/PIO problem, there appears to be little consensus
about the phenomenon itself in terms of the pilot behavior that initi-
ates and sustains the APC/PIO. There is general agreement that the
contributing factors are 1) a demanding flight task, 2) a vehicle with
unsatisfactory dynamics, and 3) a triggering event.? The main thrust
of the research to be described is to suggest one possible human-
centered theory concerning the APC/PIO phenomenon. The theory
to be proposed will attempt to unify the topics of vehicle handling
qualities and APC/PIO, which have been somewhat disparate in the
past. Finally, although pertinent to the handling qualities of high-
performance aircraft, the phenomenon of roll raichet’ will not be
discussed here.

Revised Structural Model

Figure 1 shows what will be referred to here as the revised struc-
tural model of the human pilot. The model has its genesis in a
previously described structural model'® and in a later modifica-
tion of that model.!! As shown in Fig. 1, the model is describ-
ing compensatory pilot behavior, i.e., behavior involving closed-
loop tracking in which the visual input is system etror. The ele-
ments within the dashed box represent the dynamics of the human
pilot.
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Starting from the left, one sees the system error e(¢) following one
of two possible paths. One path is intended to model the human’s
visual rate-sensing dynamics, here modeled by a differentiator (s),
an injected noise signal, and a gain K,. The remaining path de-
scribes normal error sensing and gain compensation K., including
the possibility of the human’s accomplishing low-frequency trim
(or integral) compensation via €/s. In the study herein, ¢ = 0.
The switch labeled S; allows switching between error and error-
rate tracking. This switching will be hypothesized to play a critical
role in the initiation and sustenance of APC/PIOs. A central pro-
cessing time delay 7o is also included. An inner, proprioceptive
feedback loop is encountered next. Proprioceptive feedback implies
the use of sensory information about limb position. In the forward
portion of this loop, the elements Yxm and Ygs are intended to rep-
resent, respectively, the open-loop dynamics of the neuromuscular
system driving the cockpit inceptor and the dynamics of the in-
ceptor force-feel system itself. The feedback portion of this loop
contains the element Ypp, which receives as its input the propri-
oceptively sensed inceptor output 8, (¢). The element Ypr and its
position in the model are central to the philosophy of the struc-
tural model, i.e., that the primary equalization capabilities of the
human pilot are assumed to occur through operation upon a pro-
prioceptively sensed, as opposed to a visually sensed, variable.
As will be discussed, switches S; and S, are assumed to oper-
ate in unison, i.c., when S is in the “up” position, so is S,. Un-
less stated otherwise, it is assumed in what follows that switches
S, and S are in the nominal, “down” position. The switch S; al-
lows either displacement-sensing or force-sensing inceptors to be
modeled.

Time derivatives of the vehicle output m(¢) are assumed to be in-
dividually sensed, as indicated in Fig. 1. Switch S, allows cither rate
or acceleration cues or neither to be used in vehicular control. Note
that feeding back output rate is predicated on that signal creating
an acceleration that can be sensed by the middle ear. In this study,
K; = K, = 0. A visual feedback of vehicle output completes the
model.

The particular form of the error-rate loop deserves some com-
ment. It is the author’s contention that the visual sensing of rate
information of a quality suitable for precise closed-loop tracking is
compromised by the limitations of the human visual system. The in-
jected noise has been included as a somewhat crude model of these
limitations. The noise itself is not pertinent to the discussion and
will not be treated further.

Pilot—Vehicle Analysis with the Structural Model
Model Parameterization
As canbe seen from Fig. 1, only the elements Ynym and Ypr need to
be parameterized because the remaining elements are simply gains,
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Fig. 1 Revised structural model of the human pilot.

e.g., K;, K,, etc., differentiating elements (s, s2), and time delays
(7). Here,

2

W
Yim = N 1
M 52 + ZCNMCUNMS + wﬁM ( )
Ypr = K(s +a) or K or K/(s+a) )

with the particular equalization of Egs. (2) dependent on the form
of the vehicle dynamics around the crossover frequency.

The forms of Eqs. (2) can be interpreted as the pilot’s “internal
model” of the vehicle dynamics. That is, in the range of crossover,
Ypr o s-Y.(s). There will be reason to return to this internal model
concept in discussing pilot behavior in APC/PIO events later.

Crossover Frequency Selection

In the analyses to follow, a constant crossover frequency w, =
2.0 rad/s is chosen. Of course, the human pilot can, in a limited
manner, vary crossover frequency.'> However, for the purposes of
analysis, the assumption of a constant crossover frequency is very
useful. Selecting w, = 2.0 rad/s is not an arbitrary decision. Using
the crossover model of the human pilot,'> Ref, 13 examined the
sensitivity of the closed-loop system bandwidth wp to changes in
the open-loop crossover frequency. It was shown that, for w. <
0.34/1, (where 7, is the crossover model’s effective time delay), wg
becomes very sensitive to reductions in w,. Selecting a value for ,
representative of the lower limit found in the literature (z, = 0.2 s)
leads to a “critical” value of w, = 1.7 rad/s. This value was rounded
up to 2.0 rad/s for the purposes of this study.

Parameter Value Selection

As in applications of the original structural model, a number of
model parameters will be considered invariant across different ve-
hicles and tasks. The particular values chosen are considered rep-
resentative of values associated with the dynamic subsystem being
modeled. Choosing the undamped natural frequency of the open-
loop neuromuscular system as wyyv = 10 rad/s is one such example.
Nominal values for these “fixed” parameters can be given as

o= 0.2s, wnm = 10rad/s, om=07 @3

The relatively simple relations of Eqs. (1-3), the crossover rela-
tion w, = 2.0 rad/s, and the selection of one of the three forms on
the right-hand side of Eqgs. (2) allow implementation of the model
of Fig. 1. The appropriate form in Egs. (2) is chosen so that the

resulting open-loop transfer function
VY (jw) = @u/E)(jw) Y. (jo) = (w./jw)e™™

for 4

w ™ w,

ie., Y,Y.(jw) follows the dictates of the crossover model of the
human pilot.'? The implementation of Eq. (4) is critical to the suc-
cess of the handling qualities and APC/PIO analyses to follow, so
it is important to specify in a precise manner just how this is done.
Limiting discussion to the last two forms of Ypg (those most likely
to be encountered in pilot—vehicle analyses), the right-hand side of
Eqgs. (2) is selected so that

Y.(jow) ~ LS
Yer(jow) Jjw

K, arbitrary ®)

W~ w,
for {
The gain K appearing in Egs. (2) is chosen so that, with all other
loops open, the minimum damping ratio of any quadratic closed-
loop poles of (84 / Ea)(s) is {min = 0.15. Finally, K, is selected so
that the desired crossover frequency of 2.0 rad/s is obtained.

The use of fixed parameters in the pilot model is obviously an an-
alytical simplification. However, it has been the author’s experience
that the model so derived is of sufficient accuracy to justify its use in
the pilot—vehicle analyses that are the subject of the research to be
described. As described, the model will reflect the important, experi-
mentally verified human pilot dynamics,'? i.e., faithful reproduction
of crossover model characteristics across different vehicles and the
important dynamics of the closed-loop neuromuscular system, in-
cluding high-frequency amplitude peaking and phase roll-off.

Analysis of Handling Qualities

Previous Results

A theory for handling qualities based on the original structural
model has been proposed and discussed elsewhere.'>'* The the-
ory postulates that the power in the proprioceptive feedback signal
un(t) of Fig. 1 is the determining factor in a pilot’s perception of
a vehicle’s handling qualities when Eq. (4) is satisfied. The signal
u,(t) can be shown to be proportional to the output rate m(¢) due
to control activity §,,(¢). Because the power in u,, (¢) is dependent
on |(Uy/C)(jw)|, it was found that this function itself could be
used to predict handling qualities levels and was referred to as the
handling qualities sensitivity function (HQSF).!>!* The similarity
between the previous structural model and its revised incarnation in
Fig. 1 allows the HQSF definition to remain unchanged:

HQSF = |(Un/C){(jw)| 6

In calculating the HQSE it is necessary to remove the effects
of control sensitivity. By this it is meant that the model results are
forced to be independent of control and force-feel system sensitivity.
This sensitivity includes command path gains between the inceptor
and the actuators and the static gain of the pertinent vehicle trans-
fer function, i.e., the gain appearing in the vehicle transfer function
when written in “time-constant” form. Removing the effects of un-
certainty in the HQSF is accomplished as follows:
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For level 1 handling qualities, i.e., 1 < Cooper-Harper ratings <
3.5, the previous structural model required HQSF<1.0. However,
because the previous model differed in detail, especially in the pro-
prioceptive feedback loop, the criteria for level 1 handling qualities
will probably change when the model of Fig. 1 is used. In addi-
tion, there were no bounds suggested for level 2 and 3 handling
quality levels in previous handling quality studies with the original
structural model. This restriction will be removed in what follows.

New Results

Flight-test handling quality results from Refs. 15-18 were
used to obtain new bounds for the HQSFs. The data concen-
trated on the longitudinal approach and landing tasks for the U.S.
Air Force/CALSPAN NT-33A!5:16 and Total In-Flight Simulator
(TIFS)!718 vehicles. The configurations shown in Table 1 were
selected to give as wide a distribution in handling qualities and
APC/PIO susceptibility as possible. Because the pilot-vehicle anal-
ysis technique does not consider the effects of control sensitivity,
the question of how the flight-test control sensitivities were deter-
mined naturally arises. The “back seat” NT-33A pilot selected what
he determined to be the optimum sensitivity for each configuration
in Ref. 15. This value remained unchanged for the other evaluation
pilots. In Ref. 16, each evaluation pilot determined what he believed
to be the optimum sensitivity for each configuration. In Refs. 17 and
18, an attempt was made to achieve comparable sensitivities across
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all configurations by selecting the control sensitivity that produced
the same maximum pitch rate for a step inceptor input. One can-
not guarantee that these procedures eliminated control sensitivity
effects from the handling qualities and APC/PIO susceptibility, but
their impact was minimized.

Given the necessary information on vehicle and force-feel system
dynamics, pilot-vehicle analyses were undertaken as just described
for the 32 configurations identified in Table 1. The average Cooper—
Harper Pilot Opinion Ratings (PORs) that these configurations re-
ceived in flight tests are also given. In cases in which separate overall
and approach/flare/landing ratings were elicited, just the averaged
overall ratings were used.

In undertaking the pilot-vehicle analyses, two exceptions to the
2.0-rad/s crossover frequency rule were necessary. These exceptions
occurred with configuration 5-3 (Ref. 15) and configuration H2-8
(Ref. 16). In each case, an attempt to apply Eq. (5) resulted in the
open-loop pilot-vehicle transfer function exhibiting a flat amplitude
region about crossover. Thus, small changes in pilot gain resulted in
large changes in stability margins that the author did not consider to
be realistic pilot-vehicle characteristics. The following procedure
was implemented to handle these cases. First, an attempt was made
to increase the crossover frequency until the offending flat portion
of the amplitude plot was atleast 2.0 dB above the 0-dB line. If this
change could not be accomplished with positive stability margins,
the crossover frequency was reduced to 1 rad/s for that configuration.
The latter approach was necessary for configuration 5-3, whereas
the former sufficed for configuration H2-8. )

Figure 2 shows the HQSFs resulting from the pilot~vehicle anal-
yses of the configurations that received level 1 PORs in flight tests.
The dashed line approximates a least upper bound for these HQSFs.
Figure 3 shows a similar plot for the configurations that received
level 2 PORs. The upper dashed line again provides an approximate
upper bound. Finally, Fig. 4 does the same for configurations that
received level 3 PORs. (For the purposes of this research, level 3
was considered to include all PORs > 6.5.) The only “failure” in
this categorization of 32 HQSFs is that for configuration 4 in the

Table 1 Configurations for handling qualities and APC/PIO investigation

Ref. 15 Ref. 16 Ref. 17 Ref. 18
Configuration POR PIOR Configuration POR PIOR Configuration POR PIOR Configuration POR PIOR
1-3 9.5 325 H2-1 233 1.0 B 2.7 1.0 5-2-2 25 1.0
1-C 4.0 1.0 H2-5 9.0 433 1 29 1.0 6-1-1 5.0 2.5
2-C 25 1.0 H2-8 8.67 4.0 4 3.75 125
3-C 5.0 1.25 H3-1 4.0 233 11 5.7 333
4-4 6.5 2.67 H3-3 2.58 1.66 17 2.6 1.0
4-7 3.0 1.0 H3-6 45 2.0 17L+L 35 1.0
4-10 9.0 4.0 H3-D 2.0 1.0 20 35 1.0
5-3 6.1 2.1 H3-12 8.0 4.5 21 4.5 225
6-1 10.0 4.0 H4-1 2.67 1.0 22 6.75 4.0
6-2 2.0 1.0 H5-10 10.0 5.0

H5-11 6.33 3.0

aThree ratings of 7/2/3 were given. Reference 16 lists this as level 1. The author does the same and assumes that the pilot rating of 7.0 was treated as anomalous.
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Fig.2 HQSFs for flight-test configurations receiving level 1 PORs.
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Fig. 5 Handling quality boundaries for HQSFs.

TIES data of Ref. 17. Figure 3 would place this configuration in
level 1, whereas the average POR reported in flight tests was 3.75,
which would place this configuration just within level 2.

Figure 5 summarizes all of the handling quality boundaries. Fig-
ure 5 implies that, if the HQSF resulting from application of the
pilot—vehicle analysis described in the preceding is below the level 1
boundary, the configuration should be expected to receive level 1
POR:s. If the HQSF exceeds the level 1 boundary but remains below
the level 2 boundary, the configuration should be expected to receive
level 2 PORs. Finally, if the HQSF exceeds the level 2 boundary, it
should be expected to receive level 3 PORs. The theoretical basis
for this categorization derives from the hypothesized importance of
the signal u,, (¢) in the pilot model.

Analysis of APC/PIO Events

PIO Ratings

An analysis of the vehicle configurations of Table 1 using the
pilot—vehicle analysis procedure described in the preceding was
conducted with the goal of developing a theory for APC/PIO. Again,
the characteristics of the proprioceptive feedback signal u, (¢) were
investigated in this context. It was found that a sensitive metric for
APC/PIO susceptibility was the power spectral density (PSD) of the
signal u,, (t) when a filtered white noise command c(#) was applied.
The PSD of ¢(¢) was selected as

2

D, (w) = m

®
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Table 2 PIOR scale description

Description

Numerical rating

No tendency for pilot to induce undesirable motions.

Undesirable motions tend to occur when pilot initiates abrupt maneuvers or attempts

1
2

tight control. These motions can be prevented or eliminated by pilot technique.
Undesirable motions easily induced when pilot initiates abrupt maneuvers or attempts tight 3
control. These motions can be prevented or eliminated but only at sacrifice to task performance

or through considerable pilot attention and effort.

Oscillations tend to develop when pilot initiates abrupt maneuvers or attempts tight control. 4
Pilot must reduce gain or abandon task to recover.

Divergent oscillations tend to develop when pilot initiates abrupt maneuvers or attempts 5
tight control. Pilot must open loop by releasing or freezing the stick.

Disturbance or normal pilot control may cause divergent oscillation. Pilot must open control 6

loop by releasing or freezing the stick.

Do

Undesirable
Motions Tend to
QOcour?

Causes
Osdiliations

Pilot initiated
Abrupt Maneuvers
or

Tight Control

Causes
Oivergert
Oscillation

Yes

Filot Attempts
to Enter Cortral
Loop

Fig. 6 PIOR scale.

®,.(w) was chosen with a break frequency at 2.0 rad/s, identical to
the crossover frequency enforced in the pilot-vehicle analysis. It was
found that, similar to the HQSF, plots of ®,,,,,, (@) could be used to
delineate “levels” of pilot-induced oscillation ratings (PIORs} using
the scale of Fig. 6 and Table 2. The levels were defined herein as

1 <PIOR <2, 2 < PIOR < 4, PIOR>4 (9)

Table 1 lists the averaged PIORs that each of the configurations
received in flight test. Figure 7 shows ®,,,,,, (@) [defined as & . (w)-
[HQSF]?] for the configurations that received 1 < PIOR < 2.Figure
8 shows ®,,,,,, (w) for configurations that received 2 < PIOR < 4,
and finally, Fig. 9 shows ®,,,,, (@) for configurations that received
PIOR > 4. In each of these figures, the dashed lines approximate a
least upper bound for the PSDs in question. The nature of the PSDs
and their relation to the PIORs has allowed simpler bounds to be
drawn than those of Fig. 5. Also note that, as opposed to Figs. 2-5,
the ordinates in Figs. 7-9 have different scales. There is one failure
in this categorization of the PIORs. In Fig. 8, configuration H3-1
(Ref. 16) lies in the area indicating 1 < PIOR < 2, whereas Table 1
indicates that it received an average PIOR of 2.33 from flight tests.

As in the case of the HQSF boundaries of Fig. 5, Figs. 7-9 sug-
gest that one can delineate between the PIOR levels of Eq. (9) using

®,,u, (@). Figure 9 implies that, if the ®,,,,, () resulting from
application of the pilot—vehicle analysis described in the preceding
is below the lowest bound, the configurations should be expected
to receive a 1 < PIOR < 2. If the ®,,,,,, (@) exceeds the lowest
bound in Fig. 9 but remains below the next bound, the configura-
tion should be expected to receive a 2 < PIOR < 4. Finally, if
the ®,,,,, (@) exceeds the upper bound in Fig. 9, the configuration
should be expected to receive a PIOR > 4. The theoretical basis for
this categorization is again based on the hypothesized importance
of the signal u,, (¢).

Development of an APC/PIO Event

As mentioned in a preceding section, conditions almost invariably
accompanying an APC/PIO event are 1) a demanding flight task, 2)
a vehicle with unsatisfactory dynamics, and 3) a triggering event. In
terms of the pilot—vehicle analysis technique that has been described,
the first two conditions are respectively realized by 1) the existence
of a relatively high crossover frequency in a compensatory tracking
pilot model and 2) the evidence of ®,,,,.,, (@) exceeding the boundary
associated with PIOR > 4. The triggering event itself is not part
of the pilot-vehicle model. Triggers can originate in the external
environment, e.g., a sudden patch of turbulence, the vehicle, e.g.,
a stability augmentation transient, or the pilot him/herself, e.g., a
change in the vehicle response variable being actively controlled.
However, the effect of this event is hypothesized to cause switches .5)
and 5, in Fig. 1 to move to the position in which the pilot tracks error
rate instead of error and does so without proprioceptive feedback.
It is hypothesized that this altered feedback structure represents the
pilot’s temporary regression to a type of tracking behavior that can
occur in initial exposure to a new dynamic system. In the latter case,
no internal mode] has been formed through training (no Yp to permit
proprioceptive feedback and adequate compensation of the plant),
and the task becomes one of simply keeping the error bounded by
attempting to control error rate with no compensation. Obviously,
in an operational setting, this behavior is unwanted, inadvertent, and
atypical.

APC/PIO Frequency

The legitimacy of any analytical pilot-vehicle model that is used
to study APC/PIO events is often judged by the ability of that model
to predict APC/PIO frequencies that have been measured in exper-
iment. Because the model of Fig. 1 is linear, conditions of neutral
stability (with switches S; and S, in the up position indicating rate
tracking with no proprioceptive feedback) can be easily obtained.
This includes the unstable frequency (frequency of oscillation). De-
fine the loop transmission with rate tracking as L,, where from
Fig. 1,

Lr=s- K;- (M/EC)|S|,Szupposilion (10)
Neutral stability will occur when
LL,(jw) = —180deg 1an

Configuration 22 from Ref. 17 can be selected as an exam-
ple. As Table 1 indicates, the configuration received an average
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Fig. 9 &,,,, (w) for flight-test configurations receiving PIOR > 4.

PIOR = 4, and flight-test-time histories from Ref. 17 clearly indi-
cate APC/PIOs. A root locus analysis indicated that the frequency
of oscillation will be 3.26 rad/s; an APC/PIO of 3.3 rad/s occurred
in flight tests.!” The closeness of this agreement is probably fortu-
itous. Although APC/PIO events are oscillatory, a precise frequency
definition is often difficult. Indeed, in examining the time histories
of single APC/PIO events, different frequencies can be detected. In
research flight tests in which APC/PIO events occur with a single
configuration, it is possible to see different frequencies for different
pilots. For this reason, no detailed comparison of APC/PIO fre-
quencies between model and experiment will be attempted here. In

addition, and in terms of the model of Fig. 1, it is possible for the
pilot to switch back to position tracking (with proprioceptive feed-
back) in an APC/PIO event. The fact that an APC/PIO was initiated,
however, suggests that even position tracking may be oscillatory in
nature. This means that the actual APC/PIO frequency(s) may also
reflect the dominant frequency in ®,,,.,, (@). Consider configura-
tion H3-12 (Ref. 16). There a relatively low-frequency APC/PIO
of 2.2 rad/s was recorded. With switches S; and S, in the up po-
sition, a root locus analysis with the model of Fig. 1 indicated an
APC/PIO frequency of 3.1 rad/s, a considerably higher value than
that recorded in flight tests. However, ®,,,.,, (w) for this case, shown
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Fig. 11 Loop transmission L.( jw) for a pilot-vehicle analysis of configuration H2-5 from Ref. 16.

in Fig. 10, indicates a narrow band u,,(t) [and, by inference, m(t)].
This frequency band is centered at 2.3 rad/s, much closer to the
value obtained from flight tests. In this light, a range of possible
APC/PIO frequencies may be a better prediction than a single fre-
quency resulting from the rate-tracking model. The low frequency
in this range would be that for ®@,,,.,, (@){max, and the high frequency
would be that obtained from the root locus analysis.

Note that the range of K that the pilot can adopt during rate track-
ing is quite limited. This is demonstrated in Fig. 11, which shows
L,(jw) as defined in Eq. (10) for the model of Fig. 1. The vehi-
cle configuration is H2-5 (Ref. 16). Shown on the magnitude plot
is the probable range of gains that the pilot could adopt, with the
minimum gain corresponding to some minimum level of acceptable
rate-tracking performance and the maximum gain corresponding
to neutral stability. This diagram suggests why, once initiated, an
APC/PIO event is not easily arrested.

Inceptor Applied Force-Output Rate Phasing

Another measure of model validity in describing APC/PIO events
is the phasing between the vehicle response variable (or its rate)
being controlled and the inceptor force being applied by the pilot
during the APC/PIO event. Again returning to configuration H2-
5 (Ref. 16), Fig. 12a shows an APC/PIO event that occurred in a
flight test. Note the phasing between stick force and response rate
(pitch rate). When the pitch rate is experiencing an axis crossing, the
control force has just passed its maximum value and is beginning
to decrease in magnitude. Figure 12b shows the corresponding pair
of time histories from the model of Fig. 1. Note the similar phasing
between pitch rate and control force. The variables in Fig. 12b have
been scaled so as to produce nearly equal amplitudes. Of course,
the linear, noise-free model results are much smoother than those

occurring in the flight test. The APC/PIO frequency resulting from
the model-based root locus analysis was 3.16 rad/s. The flight-test
oscillations appeared to be gradually increasing in frequency. At the
end of the event, the frequency was approximately 3:1 rad/s.

Application to Nonlinear Vehicle Dynamics

A convenient categorization of APC/PIO encounters has been
suggested that includes three categories.” Category I describes
events with essentially linear vehicle dynamics and pilot behavior.
Category II describes events in which fundamental nonlinearities
come into play, chiefly, those associated with the actuators. Cate-
gory III describes events that fundamentally depend on nonlinear
transitions in either the effective vehicle dynamics or the pilot’s be-
havioral dynamics. The model-based theory that has been described
herein addresses only Category I events. Many of the APC/PIO en-
counters of modern FBW aircraft involve rate limiting in the actu-
ators, a factor that has not been included in the analysis described
here. Thus, exonerating a vehicle from APC/PIO using the tech-
niques described here may be premature, unless one can ensure that
actuator saturation, particularly rate saturation, will not produce an
APC/PIO.

Extending the theory that has been described here to the case
of actuator saturation should be straightforward. This is because
the fundamental metric that has been used in determining APC/PIO
susceptibility is simply the PSD of a signal that is easily accessible in
a non-real-time simulation of the pilot—vehicle system. In addition,
calculation of the HQSF with nonlinear vehicle dynamics can also be
accomplished using existing techniques for determining the Laplace
transforms of the input—output pairs of nonlinear systems, e.g., the
technique used in nonlinear quantitative feedback theory. 19 Research
in this area is underway.
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Fig. 12 Comparison of phasing of applied control forces and vehicle
output rate for configuration H2-5 from Ref. 16.

Limitation and Caveat

The primary limitation of the pilot—vehicle analysis that has
been discussed is its inability to reproduce the changes in handling
qualities and APC/PIO susceptibility that accompany changes in
control sensitivity. Of course, this limitation is common to most,
if not all, pilot-model-based analysis procedures. One must sim-
ply rely on experimental results to provide guidance regarding this
important parameter.

The handling qualities and APC/PIO boundaries that have been
derived resulted from the application of a very specific model of the
human pilot, with very specific fixed parameter values and formal
procedures for obtaining pilot compensation elements, e.g., Ypr in
Fig. 1. Changes in any part of this analysis will affect the boundaries
that have been derived and should be avoided if one wishes to use
the proposed methodology in predictive fashion.

Conclusions

Based on the research that has been described, the following con-
clusions can be drawn.

1) A unified theory for aircraft handling qualities and APC/PIOs
is possible. The theory is based on a revised structural model of
the human pilot and the central importance of a proprioceptively
derived signal in that model.

2) Using a well-defined pilot—vehicle analysis technique and
flight-test results, it was possible to categorize the following: i) han-
dling quality levels using a handling qualities sensitivity function,
easily derived from the pilot model; and ii) PIOR levels using the
PSD of a signal easily derived from the pilot model.

3) A theory for describing pilot behavior in initiating and sus-
taining an APC/PIO event can be hypothesized, consistent with the
feedback topology of the structural model. The theory postulates
that, in initiating and sustaining an APC/PIO, the pilot regresses
to a type of tracking behavior in which error rate is controlled and

in which no proprioceptive feedback (and appropriate plant com-
pensation) is used. This behavior is considered to be unwanted,
inadvertent, and atypical.

4) The theory and pilot—vehicle analysis technique appear to be
extendable to the study of APC/PIO events involving nonlinear ve-
hicle dynamics such as actuator saturation.
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