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SUMIARY

A piloted flight sinmulator, having cockpit notion in pitch and roll,
together with a sinplified visual representation of the outside world, has
been uged to study attitude control requirenents for jet-borne V.T.QO L.
aircraft in hovering flight and lew speed manoeuvri ng. Val ues of control
effectiveness and aircraft rate damping which were found to give satisfactory
control characteristics inroll and pitch are presented and conpared with the
results of previous studies and with V.T.OL. control criteria. Brief studies
of somenon linear control gearings, and tests of pilots' control follow ng
autostabilicer failurs, ere al so reported.
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1 INTRODUCTICON

Thas paper a1s concerned with tne control characteristics needed in jet=
borne V.T.0.L, aircraft to enable a pilot to manosuvre the aircraft at low
speed and to siabilise it at the hover. The invcstigations were nade on a
ground- based paloted flight simulator, the purposc of the tests being to exan ne
the useful ness of such a device for studying control roquirements for V,T.0.L.
aircraft and then, if possible, to extend the range of control charactoristics
studi ed beyond those already covered by full scale research projects such as
the Rolls-Royce 'Bedstead ! and the Short s.c.l 2 aircraft.

Tho particular feature of the jot-borne vehicles considered here is that
the translational motion nceded for manceuvring at low speed is cbtained by
tilting the whol e aireraft,so as to produce a component of 1ift-cngine thrust
in tho desired direct-ion of movement, rather than by rotating only the ongine
or 1ts nozzle to gencrate the force required. This nethod of menccuvring is
currently used on al most all jet |ift aireraft at | owspced, even when provision
for changing the engine thrust line r¢lative to the body has been mede to help
in the transition fromw ng-borne to jot-borme flight. But it neans that the
ability to control tho aircraft's position over tho ground is effectively
detormined by the attitude changes which can bo produced,and this depends in
turn, of course, on the characteristics of tho aircraft's attitude contro
system

A congaderable quantity of rescarch work into the control characteristics
of V.T.O L. aircraft has already becn published, based on a variety of experi=
montal technigues, ranging from f£ixed cockpit simulators on the ground to
variable stability helicopters yn flight. Somp of this work has also boon
collated to frame tentative sots of dosign rcqulrcmontsj’h. Despite the volumo
of this work, however, some uncertainty still exists as to the basic require-
ments for control power, control sensitivity and danping. For instance, a
simple comparison betwecn tne boundaries relating satisfactory control
sensitivity (or control powcr) and damping, found by different investigators,
revoals, apparcntly,fairly | argedisercpancios, There are probably soveral
reasons for this. Faye’, ina simlator study of single=-axas and nulti-axis
hovering tasks, has shown that controllability about ono axis may bo markedly
affected by tho control characteristics about the other axes. Breul6 has
suggested that these differences may be partly explained by differences i n the
type of manoccuvre porformed in the various tests - in some oases a tight
attitude control task, in othors a translational manoeuvro. Past expericnce

with conventional aircraft suggests that purecly nechanical inperfections in the



control system such as excessive friction and backlash, may play a considerable
part in the assessment of an aircraft's control characteristics, and these
features mght well have varied fromone investigation to another. Finally we
are faced with the sheer difficulty of form ng a precise subjective judgement
as to when control characteristics fall below an 'acceptable' level if the
deterioration i S progressive and fairly gradual., Boundaries which appear as
hard |ines dividing satisfactory and unsatisfactory regions on the plots of
aircraft control characteristics are sometimes ai ned nore at producing sone
sort of readily essimilated order into the experimental results than in laying
down ri gi d requirements, Judged agai nst this background many of the apparent
di screpanci es between the work of different. investigators assume less

I nport ance.

The present experinents were conducted in twe Stages. The first con-
sisted of setting up the simulation and then of attempting tO assess its
validity by conparison with full scale flight work, particularly that mcde at
R A E on the Short S.C.1aircraft. The results of this stage of the work,
which is described in section 2, of the paper, were that the simulation gave
a fairly good rcpresentation of the V.T.Q L. control task in the latcral plane,
but that, becausc of limtations in the sinulation equipment, the representation
an the pitching plane was not wholly satisfactory, while it wes considered thot
studies of height control and of yawang control would give results bearing
little rclationship to the full scale task. As a result of thoso findings
work in the second stage was concentrated On the | ateral characteristics,

(roll attitude and the associated translational frecdom Of sideways moveront),
and, to a‘lesser extent, On longitudinal control (pitch attitude With its
associated freedom in fore and aft translation). In those Intcral control
studies, described in section 3 of the paper, the linited range of control
sensitivity and danping investigated in the first stage of the experinment was
extended to cover a much wider range of characterzstics than those wmich coul d
be currently studied in flaght. A brief assessnent was elso made of some
suggested non-linear gearings baetween the pilot's stick and the roll contro
which were intended to0 improve the overall roll control characteristics.
Finally the investigation of lateral control included sone studies of tho
pilot's ability to control the aircraft following @ sudden failure i N the

autostabiliser.

Because of the linmtations in realism of the longitudinal simulation the
investigation in this plane was confined to bricf study of a wider range of
sensitivity and danping than has been covored in the initial stage. This work
is described in section 4.



2 SETTING 4 AND VALTIDATICH OF THE V.T.O L. SI MULATION

There are two fairly distinet facets to the process of setting up a
ground based simulatron for studying aircraft handling characteristics. The
first is the formulation of a sot of mathematical squetions Which can be
solved in the conputer section Of $he Sinulator to provide a continuous output,
representing, at any instant, the behaviour of the aircraft in response to tho
pilot's control actions. The second concerns the conversion of these conputer
outputs, occurring initially as voltage signals, into lifelike representations
of the pilot'3 flight environment, causing himto respond to the sinulated
aircraft's behaviour in a rcnlistic manner. The30 two facets are, of course,
conmon to the simulation of all typos of aireraft, but the special features
which are of inportnncc in rcprosenting V.T.O L. aircraft in | ow speed jet~
borne flight will be di scussod in tho noxt twosections.

2.1 Equations of notion and their solution on the conputer

Tho particular characteristic of V.T.OL. aircraft which noat clearly
affects the form of the equations of notion is the absence of any clearly
defined direction azn which the resultant velocaity vector may be expected to
lie. For conventional aircraft in normal flight thrs velocity vector is con-
fined in direction to a fairly smll region about the aircraft's forward body
axis. But a V.T.OL. aircraft must be expected to nmove with roughly equa
ease in any direction. An imrediate consequence of this is that axis systems
baaed on the flight path, which have proved to be anongst the npat convenient
for simulating aircraft in conventional flight, are unsuitable for V.T.Q L.
work, because e orientation of the exis systems becomes Indetermnate at the
hover, with a consequent d.scontinuity in the equations as the velocity passes
through zero. For the same reason tho concepts of incidence and aideslip, as
normal |y applied to conventional aircraft, are difficult to use in V.T. QO L.
aircraft'.

For the present tests the equation3 of notion with respect to an axis
systemfixed in the aireraft were used. The conplete equations for a rigid
aircraft arc given in Appendix A together with the approximations which were
necessary in the present case because of limtations in the amount of conputing
cquipment avail able. Several torms in the equations which arc frequently
om tted, because of their small sige, in tho well known small perturbation
theory for conventional aircraft, must nowbe retained. 'This arises from the
feature mentionod above, that the velocity conponents along the |ateral axis
may be as large es those .n the fore and aft direction, so that product terns
such a3 VR and VP in the translational eguations cannot now be neglected.



Moments arising from the gyroscopic effect of the rotating parts of &he
lift engines were not represented zn this simulation since cal cul ati on had
shown that they were negligible compared with other factors affecting the
aircraft's handling.

hiost of the approximations which had to be made through lack of conputer
capacity in the present simiulation were concerned with resolving the velocity
conponents, conputed with respect to aircraft axes, into velocity conponents
over the ground. As a result the aircraft's notion was only represented
accurately when the heading changes from the runway direction were small, but
this condition was satisfied in a1l of the tests reported here.

The present tests were concorned only wth hovering and manceuvring
at low Speeds, bolow, say, 20 knots, a situation in which the aerodynamc
forcos acting on a jet-borne aircraft are usually relatively small. It was
considered that these aerodynam ¢ effects coul d be adequately represented in
this case by forces and moments about each axis which were sinply proportional
to the veloeity conponent along that axis. The numerical values for these
aerodynani ¢ eff'ects used in tho sinulation, which corresponded to those measured
in flight on tho S.C.| aircraft, are given in Table 1 together with the other
aircraft data used.

The actual conputing arrangenent, which is shown arn bl ock diagram form
in Appendix C,  involved the use of 79 operational anplifiers (21 summers,
L5 sign reversers or buffers and 13 integrators) with a further 15 anplifiers
for instrument, cockpit and visual background driving signals. Non-linear
operations needed five waltiplicrs, some with up to five channels, together
with two resolvers.

2.2 Equipnent and nethods used for representing the aircraft behaviour
to the pilot

The general |ayout of the equipment used in these tests is shown in
Fig.1. The pilot's cockpit was nounted on a noving mechani smdriven by
hydraulic rams to represent changes in tho aircraft's pitch and roll attitude.
There Was No yaw ng movement. Tho cockpit attitude was controlled directly
according to the computed pitch attitude and bank angle of the aircraft, no
attenpt being nade to represent sustained translational accelerations. In
some of the tests where large attitude changes were encountered, particularly
the investigations into control follow ng an autostabiliser failure,

(section 3.4),it was necessary t0 reduce the ratio of cockpit nmovcnont to
computed aircraft nmovement in order to prevent the cockpit moving mechani sm



from hitting its stops. Except in theso cases, a one-to-one correspondence
betwean cockpit and conputed aircraft novenment was mainteined. Even when the
reduced ratio mentioned above was necessary tie wvisual sinulation equi pnent
described in the next peragraph continued to give the pilot a correct inpression

of the aircraft's orientation.

Besades the information he gained fromthe cockpit motions, the pil ot
was given visual indications of the aireraft's bchaviour by nmeans of the
cockpit instruments, Fig;2(b), and by an optical projection' systomwhich was
used t0 reprosent his viow when looking outside the aircraft. Fig.1 Shows
that the cockpit was al nbst completely surrounded by a curved screen, With
the pilot's head |ocated roughly at its centre., The progector was mounted
just above the cockpit and worked on the 'shadowgraph' principle = a point
source of light being usod to cast tho shadow of a suitably shaped cut out
ont 0 tho viowing sereen. In this gase tho cut out took the formof a
triangular semi-~transparent plato, having scribed on it a nunber of lincs
radiating fromtho apex, Tig.2(c). %hon projected, this plato formed an irage
having the principal perspective featurcs of an airfield runway as seen from
abovo, Fig.3. The apex of the triangular plate was pivoted Lo a ring on the
projector, the shadow of this ring representing the carth's horazon on the
screen. The base of the triangular plate could be moved relative to the pro-
jection lamp by two small servonotors actaing on signals fromtho cemputer.
Mvenent of the plato cleoser to the lamp caused the projected image to cxpand
and gave the impression of the aircraft coming closor to tho ground. Movement
of tho plate sideways, out of alignment with the lamp,gave the impression of
the aircraft being laterally displaced Lfrom tho runway centre |ine. A single
transvorsc bar, pesitioned by ansthor sorvomotor, produced a |ine shadow at
right angles to the runway which cculd ho used to represent, for instance, the
runwey throshold. Fanally tho whole assenbly was carried on e three exis gimbal
systemwhach coul d be ro-ted to give the impression of the eireraf't pitching,
rolling and yawing.

Two phot ographs showing the view seon fromthe sinulator cockpit with
this cquipment are roproduced in Fig.3. In tho lower view the sircraft was
displaced to the right of tho runway nnd banked to the left. For conparison
Fi g. 4 shows two photogrephs taken by a camerae attached to the S.c.1 aircraft
during hovering and low speed manoosuvrang, the aircraft being in very roughly
the same sort of situation as that dcpictod an the sinmulator photograph.



2.3 Validation of the sinulation by conparison with flight experience

| f any confidence s to be placed in the results of ground based sinmul a-
tion tests at i s obviously amportant that an attenpt should be made to validate
the experiments by conparison with flight experience. But this must depend
largely on the subjective judgement of experienced pilots, and al though they
are readily able to point out any of the grosser differences between aircraft
and sinulation, they would be anongst the first to emphasise the difficulties
of making detailed quantitative conparisons of aircraft handling characteristics.
Six R.AB, pilots took part an the sinulation tests and, of these, three had
flight experience in jet-borne V.T.OL. aircraft and all had experience on
helicopters. One visiting pilot wth considerable Jet-borne V.T.OL. experience
also flew the sinulator.  The experience of' the pilots taking part in the tests
IS summarized in Table 2.

One featurc Which became apparent very early in tho sinulation was the
inmportant part played by ground detail in the visual. background. Al t hough
control of attitude 1s the fundamental feature When hovering or manceuvring
at low speed 1t was evadent that the pilot was al so continuously nonitoring
his notion cver the ground, and was using this notion as the principal guiding
factor in deciding what attitude to demand., Wath the present visual background
the pilot had to judge his position over the runway by watching changes in the
shape of the perspective pattern, and to Judge his rate of movement by tho
speed with which the pattern seened to be passing him  Not surprisingly,
pilots found it more difficult to judge their position and speed in the
simulator, whore the anount of detail in the ground pattern was very limted,
conpared with the case of doing this xn flight when surrounded by the detai
and texturo of a real | andscape.

O the three translational motions the pilot's found that sidevmys novenent
across the runway was by far the easiest to judge and thoy felt that, 4in this
respect, the sinmulation gave a valid rcprosentation of reel visual filaight.
This was largely due to tho presence of numerous |ines parallel to the runway
ccentrc line which gave a good indication of sideways velocity. In contrast,
the notion along the runway was indicated only by novement of the single
threshold bar and this gave a relatively poor inpression of forward speed.
Pilots found that, as far as fore and aft notion was concerncd, they could
operate best over a limited range of distances faicly close to the threshold,
but there was occasionally some confusion between forward notion and pitch
attitude changes. Altogether the visual simulation of forward rmotion was not

considered to be whol Iy satisfactory, but pilots were prepared to accept it,
with reservations, for a prcliminary study into pitch attitude control



The portrayal of height changes on the vyisual projection wassuperficially
quite convincing but it wasfound that, in practice, pilots could notcontrol
their hoight'on the sinmulator with anything |ike the sane accuracy as in
flight.  There was en optimum hoight of about 40 feet, at which ths excursions
could bc kopt within five to ten fact of the required val ue while hovering,
but this nceded ruch nore concentration than in real hovering. At heights
much above the optimumthe changes in the porspoctivo pattern with changing
hoi ght began to beconme rather smell, while at hoights bel ow the optinumthe
picture became blurred because of the finite size of the projection lamp. In
either case it wastho pilot's perception of vertical velocity which was nost
affoct od. Pilots found that because of these deficioncios they were not
attenpting to use the type of hoight control novenents an the sinulator that
they normally used in flight and 1t wnstherefore felt that no great value
woul d be gained from meking a systematic investigation of height control wth
t he present simul ation equi pnent.

I n attitude control thevisual indications Of the shadowgraph projector
wer e supplemented by nmotion cues fromthe noving cockpit in pitch and roll
For thesc two freedoms tho sinul ation wasfelt to be quite reprosentative,
apart fromthe confusion betwoen pitch attitude and forward novenent already
mentioned, and someslight jorkincss in tho cockpit rolling notion which became
apparent at tho highest oporating frequcncios.

Cockpit movement wasused in ncarly all of tho tests reported here and no
systematic tests have yet boon made on this simulator to assessits value in
V.T.0.L, studies. Vhen the movoment ims switched of f at the request of a
visiting pilot, (Pilot G, a vigorous pilot-induced oscillation in roll resulted
for a condition which ho had previously controlled guite satisfactoraly With tho
nmovement swatched on. (X = 0+57 rad/secz/inch R = 06 soc-1.) A brief geries
of further tests wath this pilot at the some level of aircraft roll danping
(R = 046 sec"1) i ndi cated a preference for |ower control sensitivity when the
cockpit wasfixod, (optimumbotween X = 0+26 and K = 052 rad/soc%/inch), t han
when it was moving, (eptinum K= O-5Z/rad/sec%/inch).

A nore comprechensive investigation into the role of the notion cue in
V.T.O L. simulation has been reportod by chdersens.

There wasno cockpit movenent to axd the pilot in controlling the yaw ng
motion and pilots found this nuch nore diffiecult than the other two rotationa
freedoms.  To some extent this wastrue of the S.C.1 carcraft as well, but nost
pilots folt that tho sinulator oxaggerated tho difficulty. It was found that
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smal| rates of yamwere hard to detect and the indication of headi ng, although
perspectively correct, was confusing, particularly when the aircraft was dis-
placed fromthe runway centre line. As with the height control, xt was felt
that 1ittle would be gained frommaking & systematic study of yaw control with
the present simulation equi pnent.

From the general findings reported in tho previous paragrephs it wes
evident that limitations in the simulation equi pnent available for these tests
precluded any detailed studies of control about all six degrees of freedom
Pilots found that with practice they gould hover and menceuvre the simulator
in six degrees of frcedom for long periods wthout danger of |oss of control
but they affirmed that much more concentration Was needed than for the
corresponding task in flight. The added. effort necded to control, particularly
the height and yaw freedom would undoubtedly have affected their assessment
of the remaining freedoms even though these wore better represented. For the
tests reported i N the remai nder of thas paper the simulation was therefore
modified to try to produce a 'work load" on the pilot which wes more repre-
gsentative Of prepl flight. Firstly the height was fixed at about 35 foot,
thus reducing the degrees of freedomto give five instead of six. Pilots who
were famliar with S.C | aircraft thought that this wes a reasonable step, since
in the aircraft they found height control so good that it took relatively
l1ttle of their concentration. Secondiy the yaw demping of the simuleted
aircraft was increased untxl the pilots felt that yaw control on the sinulator
was absorbing about the seme proportion of' their effort as it did in flaght.
(The val ue of danping actually chosen on the sinulator corresponded to a
dopping: inertia ratio, a, Of 1 sedi, compared with a value believed to be
about 0+1 sec~! for the actual aircraft. )

Vith these nodifications the simulator was considered suitable for
undortaking t he rol| control iavestigation described insection 3 and the nore
limted piteh investagation in section 4. In a further effort to validate the
simul ation under thcso condrtions the two pilots who were nmost famliar with
tho S.C.1aircraft, (Pilots A and B), were asked to comment on the simulation
when it was set up to represent the specific values of demping available on
tine s.c.l % In roll these were 0+6 soc'l, for the autostabiliscr off, and
values of 3+7, 48, 59 and 7+0 scc - were aveilableat different autostabiliser
settings.  The corresponding valugs i n pitch were 05 5éc , and 3°0, 40, 4+9
and 58 sec™" . Two highor danpi ng settings available 1n the aircraft were not
included in this assessment. The pilots found it difficult to moke pornt-by-
poi nt conparisons at the three lowest autostabiliscr settings, but this seens
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to bo conszstent wWith their flight.experionce where the changes in handling
characteristics for these settings voro not, epparently, very marked. Both
pilots felt thet the simuwlator seomed to respond to control movements in both
pitch and roll slightly more imediately than gid the aircraft. A careful
exenination of the tim pecords forcontrol stick displacement and nogzzle
opening on the aircraft, (e.g. Fig.7 of Ref.3), showed that thorc wag a slight
delay betwoen these two quantities, and this had not been represented in the
simulation whero 'perfect' control operation was assumod. Brou16 has shown
that tine delays of 0+1 sec and |ess were quate noticeable in V.2.0.L, control
tests and it appears that nore attention will have to be paid to this aspect
in future simul ation oxercises.

When t ho danpi ng was reduced to the value' for autostabiliser off,.or
inercasod to the hi gher autostabiliser sottings, tho changes i n handling
chargeteristios on the Simulator werg nuch nore marked, asin the aircraft,
end scemod 10 reproduce tho flight changes fairly faithfully.

The effect of atnosphori c turbulence on the simulated aireraft's handling
was investigated by introducing white noise, sheped tO represent a bturbulance
power spoctrum, into the conputer at appropriate points. Bocauso of tho small
val ues of the asrodynamic forces and noments occurring on jet lift aircraft
at | ow speod the,effect Of these gust disturbances was hardly noticoabl o.

This agroed with flight exporience on the S.C.1 aircraft, whero the only
noticeable affect of turbulence IS that caused by feedback from the acrodyramic
control surfacss fOr tne mode i N which they gre not operated irreversibly.

Anot her cucck on tne validity of' the sinulation was given by the visiting
pilot, (Prlot G, nost of whoso flight cxporience was on tho Hawker P11 27
aircraft.  The pitch and roll dampings of this aircraft were set up on the
simulator and the control sensitivities varied, under the direction of the
pilot, until he judged the response to be simlar to the aircraft's. The
sensitivities so obtained were very close to those actually used on the'aircraft.

Before turning to the systematic tests reported in the next two sections
of this report, mention mey be made of the steps being taken to overcome some
of the deficionci'os in‘si nul ation equi pnent noted in the previous paragraphs.
Many of thorn ware centred on the limtations of the present visual background
and it is hoped to tackle thess in two ways. An inproved shadowgraph projector
is under active devel opnent, which, by using a sem-transparent scale nodel in
place of the sinple cut out of the present squipment, Will greatly enharnce the
mount of ground detail which can-bo portrayed. Fig.5 shows a typical pilot's
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view obt ai ned with a devel opnent mock-up of this equipnent. This method of
visual sinulation conbines the features, essential for V.T.OL. work, of a
wide field of view and considorable ground detail. Its main limtation 1s
tine rather small area over which the aircraft canbe manceuvred,a circle
1000 feat an dianeter in the present case. As an alternative, where a |arger
field for manoceuvre is required, a visual background based on close circuit
television principles, (and intonded prinmarily for simulation.work on con-
ventional fixed-wing aircraft), is at present being installed. While this
equipment’ allows a Vi rtual |y unlimited area for manoeuvring, the actual
field of viewis sonfined to an angul ar range of about &0° in pitch by 50°
in azimuth in the forward direction, and this may prove to be rather snal
for V.T.OL. work at very | ow speed.

3 STMUTATOR INVESTIGATION OF ROLL CONYROL CHARACTERISTICS

As reported in section 2.,3,pilots found the present sinulation nore
convincing in the roll freedem and its associated sideways translational notion
than in the other directions, and it was therefore decided to concentrate
most of the work on this aspect. The Steps described previously for trying
to ensure thatthe overall 'work load on the pilot was conparable in flight
and in the sinulator were taken in all of these tosts, i.e. the number of
degrees of freedomwas reduced to five by locking the height, and the yaw
danpi ng was i ncreased.

The investigations included, (a) the variation of handling character-
istics With danping on the one hand and wath control sensativity and control power
on the other, (scction Z.1); (b) the effect of various non~linear gearings in
the control system (section 3.2) and (c) a study of the pilots ability to
control the aircraft followng certain failures in the autostabiliser,

{scetion 3.3).

3s1  Variation of handling characteristics With roll control sensitivity
or control power) and damping

Two terns arc used in this yreport to describe different aspects of the
effcctiveness of tho aircraft's controls. Tne first, Control power, i s taken
to mean the ratio of tho control nmoment arising fromfull control geflection,
divided by the aircraft monment of inertia about the appropriate axis. It is
therefore a measure Of the inatial angularacecleration which Will result from
a step control displacement to full travel,.and has'thc units radians
per second’. The socond, Control sensitivity, is defined as the initia
angul ar accel eration per unit stop control gisplacement and has the units

radi ans per second2 per inch. For linear gearing between the control stick
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and the nonent applied to the aircraft these tio terms are, of course, directly
related by the total control stick novenent. thich of themconstitutes the nore
significant measure of control effectiveness depends on scverel factors and will
be discussed later in this section.

The quantity used as a measurc of the aircraft danping is the ratio of
the total moment resisting angular volooity, divided by the aircraft nmoment of
inertia about the appropriate axis. This danping: inertia ratio s denoted by
Rin this report and has the units 1/sce. The ratio determines the time con-
stant of the exponential notion followi ng a step application of the controls,

(see Appondix B), and has boen generally accepted as having an inportant
influence on V.T.Q L. aircraft flying qualities.

The purpose of the tests reported in this section was to extend the range
of control characteristics which had al ready boon investigated in flight on the
S8.C.t aircraft, (i.e. seven lovels of danping:- R = 0€, 3.7, 4*8, 59, 7°0,
9+ end 11+9 sec’, at ono level of sensitivity X = 0+37 rad/sec%/inch) SO as
to cover a broader field of sensitivity and danping. Twe piloting tasks were
consi dered; the easc of hovering ovor a given spot on the ground;qand the case
of translating the aircraft sideways through a distance of roughly 160 feet.
Breul” has already pointed out that difforcnces between the requiremonts of
these two tasks might account for the apparent discrcpanci os between the results
of previously published work, and it was evident in the present tests that the
reguirements werc, t0 somo extent, conflicting. Hovering, being in the nature
of a stabilisation task, led to a requircmont for a well damped and fairly
insensitive air-raft, while monoouvring required a moro lively aircraft vwath
brisker response to tho controls.

During these tests a serigs of different control characteristics was
represented on the sinulator and after evaluating cach for hovering and
manocuvring the pilot was asked to give his opinion of its handling qualities.

He was not.generally told what changos t0 expoct fromone configuration to

nnot hcr and the changes were not made in a fixed, nor usually in a particularly
systematic manner. Figs.6 and 7 illustrate tho order in which tho configurations
wore tosted by two of the pilots and tho tables beneath record the pilot's

comments.

It may be noted that no attenpt has been made here to use the system of
nunerical rating for recording pilot opinion, which has been gaining
1ncreasingly Wi despread usc over tho past fcm yoars. In this nethod the pilot
s presented with a nunber of descriptave statenments concerning tho case of
controlling the aarcraft, ranging in a graded series fromgood to bad. The
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pilot 1s asked to indicate which statement 1s nearest to his own opinion

his choico being rocorded as a nunber, corresponding to the position of the
chosen statenent in the series. A though this method 1s very concise and gives
a certain air of precision to the work, it has an the authors' opinion a

nunber of disadvantages, particularly for exploratory tests of the tyge des-
cribed here. For ono thing it is felt that the numsrical rating system pleces
too much enphasis on making a formal judgement as to the overall '"acceptability
or otherwise of a configuration, often at the cxpense of appreciating the
underlying reasons for that judgement. And as a nethod of placing a pilot's
opinion on record 2t frequently suffers from its own conciseness in that any
provi sos made by the pilot in assigning the numerical rating cannot con-
veniently be registered. (It is then a small but potentially dangerous St ep

to regarding the numerical rating as akin to any other megasured quantity and,
therefore, as fit o subject for statistical tests and other nethods of numeri-
¢al analysis , )

In the present tests the pilots were not asked to make any overal
Judgements of this sort but sinply to discuss the charaotcristios of each
configuration as they found it. The process of digesting the mass of resulting
information was then the task of the investigator, obviously in consultation

with the pilots, but wthout being tied to any strict averaging of pilot
opi ni on

The type of comments made by the pilots us illustrated in Figs.6 and 7,
these being slightly edited versions of what was actually said. It is evident
that the pilots assessmentof any configuration cannot be entirely divorced
from what has gone before, most of the comments containing both comparison
with the last few test conditions and an attenpt at an absol ute assessment.

There were threc sources of criticism of the handling characteristics
which could bo so readily identafied that for brevity they will be described
in this report by the adjectives ‘sluggish, funderdamped' and foverscnsitive'.
The term'sluggish' denotes the inability to change the attitude of the ajr-
craft from ono steady valueto ancther rapidly enough.  The nost noticeable
feature f an !underdamped' aircraft was that the aircraft's response to stick
deflection tended to have the characteristics of an acceleration rather than g

rate control. A result of this was that, instead of the aircraft's rate o
rotation ceasing almost as soon as the pilot recentralised his stick, the
motion wuld only die away after an appreciable time interval, depending of
course on the amount of danping available. Alternatively, for precise contro
of attitude the pilot was forced to us e a carefully tined counter control
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movement to Stop tne rotation, (see, for example, case & of Fig.6). In the
‘over-sensitive' - case the aircraft's response to small, and perhaps involuntary
stick novenents by the pilot was too large. This usually led to continuous
hunting by the pilot for the correct stick position with a consequent snall
anplitude roll disturbance of the aircraft.

F1g.8 show how each of the vonfigurations tested was assessed in these
terms for tho two tasks of hovering and manoeuvring. The tests were made
W thout any external atnmospheric disturbance, a previous trial having
established that the effect of turbulence on this configuration was extrenely
small, (section 2.3).

For hovering, (Fig.8(a)), pil ots preferred a reasonably well danped
airereft which was free fromany tendency to hunting duo to control over-
sensitivity. But to00 docile &n aircraft led to diffieculty in mai ntai ning an
accurate hovering position,beceuse tho attitude changes ncedod to control the
aircraf't's translationael speed could not be made rapidly enough. Wth a very
sluggi sh aircraft pilots found thomselves performing | ong period translationa
osci | lations about the required hovering point because they coul d never get
the attitude exactly right at the right time.

'The transl ational manoeuvrc nay best be considered in three phases.
Starting from a hovering position the first phase consists of establishing the
desired translational velocity by a cycle of bank application, and romoval,

t he neccssary sidoways accoleration thus being antroduced by a componont of

the lift engine thrust. Control rcquirements in this period of initiating the
notion tend to be less critical than later in tho manocuvre, but the trans-
lational wvelocity that the pilot is prepared to use may, neverthecless, be
effectively determ ned by.the control characteristics, for he knows that later
on he nust bc eble to stop the motion fairly precisely. This second
decelorating, phasc occurs as the aircraft is approaching its new hovering
point and again involves an attitudo change to bring en appropriate conponont

of lift enging thrust into play. Finally,as the aircraft arrives at the
hovering point,the attitude must be rapidly changed back to izts hovering val ue
so that the translational notion ceasos at precisely the correct point. Correct
timng of thesc attitude changes becones progressively nore inmportant in those
three successive stages, and SO consequontly do the control requirenents become
greater.

Fig,8(b) shows the pilot's assessments for manoeuvring of the configura-
tions testod, again in terms of thorn being 'too sluggish' ‘underdamped’ or
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'over-sensitive'. Two main changes are apparent when they arc compered with

the requirenents for hovering given in Fig.8(a). The aree in which control
characteristics were felt to be too sluggish has expanded into the area vhere
they were previously satisfactory for hovering, and the area of high sensitivity
and low danping, which had gaven difficulty with hunting at the hover, was

| i ked for manoeuvring because it gave fast aircraft response. The latter

poi nt may however be sonmewhat acadenic since this hunting was of course
objectionable once the aircraft returned-to the hover

The two boundaries of Fig.8(a) and 8(b) have been corbined in Fig.9 to
show t hose conbinations of aircraft roll danping and control sensitivity which
were free frommajor criticism both ag regards hovering and manoeuvring.

An attenpt has al so been made to indicate on this figure how rapidly the
characteristics deteriorated outside the satisfactory region.

Figs.10 and 11 show twe sets of time histories of sideways translation&
manoeuvres made by different pilots. Each set contains examples of tests
nmade with aircraft chnractoristics which were assossed as 't00 sluggish'
"near optimuni and 'over-sensitive'. Although Pilot B in Fig,11 tends,
overall, to make nore vigorous manoguvres than Pilot Din Fig.10, there is a
marked general simlarity in the behaviour of the two pilots when faced with
t he differont configurations.

The sluggi sh nature of the first confaguration is evident fromthe large
control dasplacements used by the pilots and the length of tame they had to be
nai ntai ned to brang about the required attitude changes. The translational
manoguvre was consequentlv relatively slow.  Much smaller control novenents
sufficed With the 'near optinum configuration and a faster menocuvre coul d
also be achieved. An even faster manoeuvre resulted fromthe morc rapid con-
trol responsein the *' over-sensitive' condition, but Fig.10(c), cspecially,
shows how this was acconmpani ed by a continuous rolling oscillation, super-

i nposed on the rolling motion needed for manocuvering and caused by the pil ot
constantly hunting for the correct stick position.

In all of theso manocuvres the increase in control actavity needed in
successi ve phases of the manoeuvre 1S evident.

3.2 Discussion of results of the lateral control jinvestigation and
conparison wth previous studies

In describing the results of tho present tests the quantity contro
sensitivity has been used as the measure of control effoctivencss, (Flgs.7,
8 and 9). Clearly, however, i n somc Of the configurations described as
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"sluggish' it was not nerely the low control sensitivity which caused the pilot
concern, but also a lack in tha total control power available. He spoke, for
instance, of ‘'using full control +travel all the time', (case 3of Fig.6). It
Is sometimes difficult to distinguish cloarly between the inportance of those
two quantities, control power and sensitivity. It woul d almost certainly be

an oversimplification t0 agssume that, because tho pilot was not constantly
nmoving the control to its stops, he was, therefore, necessarily satisfied wth
the control power. H's desiro to cnsure that he always had sone additiona
control power an hand mght |ead hi mmerely to0 manoeuvre the aircraft more
gently.

The issuc.is further conplicate3 in our own, and in nuch of the published
experimental work, by the fact that any change in control power involved a change
in control sensitivity as well, since the maxinumstick travel was hold constant
and |inear gearing betwson Stick and control actuator was uged for nost of the
tests. Some further tests, in which a non |inear control szllowed independent
variation of control sensitivity and control power are briefly discussed in
scction 3.3.

To aid this discussion Fig.12 shows a hypothetical model of how the three
quantities: control power, control sensitivity and danping might bo cxpected to
affeot the aircraft's handling characteristics. For wery |ow control powers it
is assuned that no conbination of control sensitivity and danping, however
favourable, can coapensato for the overall | ack of power, so that it is not
possible to produce a satisfactory control system. AS the control power is
increascd a stape IS reachod at which the handling characteristics become just
satisfactory, provided that tho limted power occurs with the optinmum values of
control sensitivity and eircraft danping. At other values Of sonsitivity and
damping a further increase in control power will bc needed to produce a satis-
factory system  TWhen tho control power becomes fairly large, quite a wide range
of control sensitivity and danping can be tolcratod, and ovcntually tho stage
is reached when the control power is more than adequate for all practica
purposes. In this case the pilot is never likely to use control displacements
anywhere near the maxi numand the rolationship for satisfactory control reduces
to one invelving only sensitivity and danping.

In treating control powor and control sensitivity as independent variables
the assunption is nmade that the maxi mumstick travel i s not constant but is
altored to accomodate tho conbination of powor and sensitivity being considcred.
Whore a constant stick travel is used, as in most experimentel studies, the fi xod
relationship between control sonsitivity and control power which results may be
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represented by n plane, cutting diagonally across the hypothetical nodel, as
shown by tho broken lines in Fig.12. In this case the quantities contro

power and control sensitivity may both define the control effectiveness equally
well for one particular set of tests, but neither 1s likely to be entirely
satisfactory when conparing different tests involving different maximwn stick
travels, for these correspond to different 'diagomal Slices’ acrossthe nodel .

In Figs.13 and 14 the results of the present investigation are conpared
with those fromprevicus studies, using control sensitivity as the basis for
conparison in Fig.13 and control power in Fig.14. The data iS again givenin
tho form of boundaries delincating good and poor control characteristics on
a plot of control gffactiveness and aircraft demping. |n Fig.14, whore the
mgasure Of control effectivencss IS taken to be tho control power, those
boundaries which obviously depend only on tho control sensitivity have becn
onitted.  Conparison is made in these figures with both the rosults of previous
si mul at or studie35’6, (boundaries shown by heavy hatchuring), and with various
control criteria for V.T.Q L. aircraft which have bgen proposed4’10‘

O several previously reported sinulator studios into the control of
V.T.0.L. aircraf't at the hover, two in particular were sufficiently simlar
in the equi pment used and in the tasks investigated to, allow a nore or |ess
direct conparison with the present tests. These were the work of Faye5 at
the NASA, and that of Breu16 at the G uman Aircraft Engineering
Cor porati on. Both used noving cockpit simulators havang freedom about two
axes, and both were concerned with hovering and manocuvring tasks of the type
discussed in this paper. In the Grumman work the outside visual world was
alsc represented by an optical projection systemgiving a picture very simlar
to that used in the present tests. For the NA S.A tests there was no special
visual representation and the pilot had to judge for hinself how the aircraft
would have manoeuvred over the ground as a result of the attitude changes he
could produce on the cockpit.

In both the NA S A and the Grumman investigations the pilot rating
met hod of assessing the aircraft's chorecteristics was used and the results
were present as contours of constant pilot rating on the plot of contro
effectiveness and danping. Wath this method the boundary usual ly taken as
boing nost significant is that lying md way between the contour for rating
poi nt 3,which has the description 'Satisfactory, but with Some midly
unpl easant  characteristics' and that for rating point 4, which has the des-
cription 'Unsatisfactory. Acceptable but with unpleasant choracteristics!'s
As discussed earlier this rating method was not used in the present tests
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and the boundary shown in Pig.9 is that for characteristics which were 'free
fromeriticism's It mght be felt that this is a somewhat more stringent
assessment than that coresponding to 'a pilot rating of 3%' used in the
previously published work. However Fig.13 shows that the 'free fromcriticisn
boundary of the presont tests agrees closeiy the 'pilot rating 33' boundary of
Faye, at |east when conpared on the basis of control sensitivity. Bred's
results, on the other hand, show greater tolerance in the range of sensitivity
and demping considered acceptable, particularly with regard to the nore sluggish
aircraft  characteristics.

The maximum stick travel usod in both Paye and Breul's tests was *5 inch
compared With a stick travel of :3% inch in the present case. When plotted on
the basis of control power, rather than control sensitivity (Fig.14), the effect
of this larger travel is to move tho boundaries to the right, so that the .
results of the present tosts then lie about mid-way betwecn those Of Faye and
Breul. But, e&s discussed earlier, the tcsts with different maxi num stick travel
may be likened to different cross sections of a three dimensional surface, SO
thet a straightforward ccaparison either on the basis ¢ control sensitivity o
control power my not be strictly valid. As yet thore is insufficient data to
define those matters clearly and further work on the lines followed by Patiernc

9

and Isca” may be neoded.

_.As well as conparing the present oxperimental results with those from
previous sinulator tosts, Figs.13 and 14 also show boundaries for acceptable
aircraft characteristics calculated fron two of the tentative sets of control
criteria which have so far been put forward. Tho A GA RD. recommendationsh
hnve actually been framed with V.T.O L. operation under |.F.B. conditions in
mnd, so that they mght be expeoted to be rather more stringent than the
results of the sinulator tests, which wore concerned with ordinary visual
flight. In as far as the A G A B.D. recommendation for mninumdanping is
concernod, t hi S appoars t 0 be the case, for inall threec sets cf. simulator
tests tho pilots were prepared to accept |ower |evels of danping than thosé
reconmended for instrunent flight. As regards both minimum scnsitivity (Pig.13)
and ni ni num control power (Fig.14) the A G A RD. recomrendations are in good
agreement with the present experinental results, but the boundary for maximum
control sensitivity (Fig.13) suggests more toclerance Of over—scnsitive condi-
tions than that found in the gimulator tests

Most of the A GA RD. recommendations ar¢ actually stated in ternms of
tho attitude change which should bo produced in the first second as tho result
of a given control displacement. LynnIO has based his recommendation on a
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slightly different concept - that of defining the control characteristics need
to perform manoeuvres which had@ been found from helicopter experience to be
typical of operational tasks. For given aircraft characteristics Lymn's
recommendations may be reduced to & boundery relating control effectiveness
and damping which 1s also shomn in Figs.13 and 4. For the case of the S.C.1
considered here this manoeuvre criterion is seen to be more tolerant of
sluggish airoraft characteristics than the A.G.A.R.D. recommendations.

Mention was made earlier, (section 31), of the need for & consiferable
counter control movement in an aircraft with low damping in order to arrest
any rotational motion at precisely the attitude required. Lynnlo, and later
Dathell, have derived expressions for the timing of this counter control
movoment which show that considerable anticipation by the pilot would be
needed when the damping: inertia ratio has a velue of less than about two.
The present experimental results seem to be in good agreement with this

conclusion.

3.3 Investigation of various non-linear control gearings

In providing satisfactory contrel characteristics for V.T.0.L. aircraf't
at the hover the designer is faced with soveral compromises. He must weigh
the balence between provading adequate rcaction control power from the nozzles,
while avoiding excessive demands for bleed air from the 1lifting engines. The
control gearings and stick travel may be dictatod by the regquirements of high
speed flight, leading to values of control sensitivity in jet-borne flight
which are well below the optimum. One method which has boen suggested9 for
overcoming this particwicr difficulty is the use of non-linear georings between
the stick and the control nozzle so that control power and control sensitivaty
may be treated, to some extent, as independent.

Fig.15 shows throe non=linear gearings which were briefly evaluated in
the present tests for comparison with the basic S.C.1 linear control gearing.
Fig.15(b) and (¢) show gearings in which the controcl sensitivity vories with
stick displacement according to a quadratic law, that shown in Fig.15(b) having
a sensitivity in the stick neutral position which is double that of the linear
control, while that in Fig.15(c) has & control sonsitivity for stick neutral
which i S @ half that of the |inear control. Fig,15(d) shows & different type
of non-linearity in which the control scnsitivity has & relatively high value
for the first part of the control travel, but with the moment from the control

nozzles remaining constant at the larger stick displacements.
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It was soon evident in these tests that a considerable programme of work
woul d be involved in investigating each of these configurations fully and in
optimising the actual values of sensitivity and stick throw. Since time would
not ellow this, only a brief study to gain pilot's general impressions of the
non-linear gearings was made. None of the gearings tested proscked any great
enthusiasmfromthe pilots when conpared with the linear control gearing.
Several piloets felt that gearings of the type shown in Fig.15(b) and 15(d)
mght give a fal se sense of securlty because the ambunt of stick displacenent
used inthe cockpit woul d suggest that they had plenty of control in hand,
whereas din reality nost of tho available control power wag being used..
Conversely the type of gearing shown in Fig.15(c) was felt to provide a genuine
sense of security because the larger stick displacenents were particularly
effective. In this case however the control was nmuch too sluggish for smal
stick displacenents. !

+ Anot her type of roll control characteristic investigated was one in which
the artificial danping in roll was reduced when the control stick was displaced.
The intention here was to produce an aircraft having fairly heavy danmping at the
hover, where only small stick displacements are used, while at the sane tinme
having brisk response to the larger rmovements which might be used for

manoguvring.

Again only a braef eval uation without previous optimisation of the various
parameters was possible, but even 90 this nodification was felt to give quite an
improvement i n aircraft handling characteristics; particularly at the |ower
control  sensitivities. For the case-of the S.C.I, having a roll contro
sensitivity of 0+375 rad/sec%/inch and a danping: inertia ratio of 37 seél,
the tests indicated that a reduction in danmping by about 40% at full stick
travel gave the most inprovement.

3,4 Investigation of control follow ng autestabiliser failure

Whenever aut ostabi | i sation i s used t oaltor tho flying characteristics
of aircraft, consideration nust be given to the effect of failure of some com
ponent on the control of the aircraft. (In the s.c.l aircraft special precau-
tions have been taken,in the design of the autostabiliser to ensure that no
single failurc can ronder the autostabiliser suddenly inoperative.)

Al'though control investigations of the type &scribed earlier in this
report may show that pilots could control an aircraft wth characteristics
corresponding to those for the autostabiliser inoperative, additional problens
are created when the asutostabiliser fails suddenly, for the pilot nust then
rapidly adjust his control behaviour to suit the now situation
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In the present tests two oases were considered. In the first, failure
of the autostabiliser merely reduced the damping fromits normal value to
zero. In the scecond case the failure al so introduced an out of balance rolling
monent, as well as causing the danping to fall to zero.

An experimental difficulty in investigating this situation is that of
creating the element of surprise which wuld normally be a major feature in
the probl em bei ng represented. This can be genuinely achieved only for the
first few tests in any investigation;, thereafter the pilot is naturally
suspicious that a failure is about to occur and at best it can only' be made
to occur at the nost unlikely nonent.

Fig.16 shows tine histories of the aircraft behaviour during some of
these tests. In all oases the flight condition before failure was that of
the S.C.l1 in danping setting 1 (control sensitivity 0+37 rad/sec%/inch,
danping: inertiaratio 37 sec-1). The pilot generally found it fairly easy
to maintain control when a failure which sinply reduced the damping to zero
occurred in steady hovering flight. Fig.16(a) shows that there is a tendency
for himto over control and thus produce a continuous small anplitude bank
oscillation but this is not too serious for an emergency condition. WWen a
simlar failure occurred during manccuvring tho results were very variable,
dependi ng on the exact condition of the aircraft at the instant of failura,
Fig.16(b) shows a case wherec the farlure occurred just after the start of a
sidewaystransl ati onal manoeuvre, and hero the pilot managed to retain quite
reasonabl e control and conplete the menceuvre. But on other occasions when
the failure occurred as the pilot was initiating an attitude change it was
casy for control to be |ost altogether

Some types of autdstabiliser malfunction May not only cause the danping
to fall to zero but may also introduce an out of balance rolling monent,
which requires the stick to be held in a new, off-centre position for trim
Thi's conbi nation of circunstances was found 10 be very dafficult O control
There was a natural tendency to relax the stick displacenent back to the
neutral position once the first disturbance had been overcone, and the out of
bal ance moment, conbi ned wath tho lack of danping, would then couse the air-
craft to roll rapidly out of control.  Figs.16(c) and (a) show two exanples
of this condition. For the conparatively small out of trim monment needing an
eighth of the full control travel to trimpilots found the situation reasonably
easy to deal with provided the aircraft was well stabilised beforehand. Even
a mlfunction needing a quarter of the control travel to trim was controlled
on the simulator but the pilots felt | ess certein of equal success an flight.
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For one thing they did not have to worry about height control on the simulator,
whereas in flight constant adjustments to power would be necessary to counteract
the effect of attitudo changes.

4 | NVESTI GATI ON OF PI TCH CONTROL CHARACTERISTICS

As already described in section 2.3 tho simulation of the |ongitudina
flying task was felt to be less realistic than that in the lateral plane because
of limtations in the visual sinulation equipnent, and the pilots had sone
reservations about the results which woul d bo achieved with it. _For this
reason only a cursory investigation into pitch control characteristics was
attenpt ed

Many of the conments made when di scussing the results of the rolling
investigation in section 3are equally applicable to this study of pitch con-
trol, including those concerning the relationship between control power and
control  sensitivity.

For the pitching tests the roll control characteristics nere held con-
stant with val ues of danping: inertia ratio (4 503"1) and control sensitivity
(05 rai/sec%/inch) whi ch wexe close to the optinum (see Fig.13).

Fig.17 shows the pilots' assessments of pitch control on a plot of
danpi ng and control sensitivity. The general picture 1s broadly Simlar to
that found for the roll case =~ a satisfactory region bounded on one side by
an area in which control was too sluggish and on the other by one in which 1t
was too sensitive. It was felt however that the satisfactory region was | ess
tightly bounded inpitch then in the roll case. There was also a tendency to
prefer lower control sensitivity and to tolerate [ower danping in the pitch
control characteristics conpared with those in roll

This data is conpared in Figs.18 and 19 with the results of previous
i nvestigations again by :o.ye5 and Breu16 and with various control
cr1teria1o’11’12. The pattern of the conparison 1s again very similar to the
rolling case. When compared on the basis of control sensitivity, Fig.18, the

present test results aro consistent with those of Faye, but allow a sneller
region of satisfactory control than that indicated by Breul. In Fig.19, when

the measure of control effectivencss is taken to be the control power, those
boundari es which obviously depend only on the control sensitivity have been

omtted.

As regards the conparison with control criteria, the AGARD.
recommondationsh for m ni num danpi ng are more severc then those indicated by
tho results of tho simulation studios, but again this probably reflects the
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requirements for operation under |.F.R rather than the purely visual flight
tasks considered here. Both the A.G.A.B.D. and Lynn's™" recommendations for

m ni mum control sensitivity agree reasonably well with the results of the
present sinulator tests. Tho criteria proposed by Lollar12 for maximm
control sensativaty is slightly more stringent than the results of the present
tests but again his work was concerned wirth operation under |.F. R rather than

V.RF. conditions
5 CONCLUSI ONS

Pilots' general assessment of the realism of the present simulation
showed that the representation ofgrounddetail znthe wvisual background was
of great inportance in providing the indications of translational velocity
ncededfor controlling the aircraft at the hover and. in | ow speed manceuvring.
The present visual Sinmulation cquipment was only really adequate in this
rcspeot for representing sideways translational motion. Difficulties in
controlling the aircraft's yawing motion on the sinulator also indicated the
need for a better representation of the visual background and al so, probably,
the need for cockpit motion which was not available about this axis.

Tests of the aireraft's roll control characteristics,for a W de range of
control effectiveness and gircraft rate damping,2llowea a carpet plot of those
paranmeters to be drawn,with a boundary indicating conbinations which gave
satisfactory aircraft handling qualities. This boundary has been comparcd
with those derived from previous sinulation tests and Wi th boundaries calcu-
lated fromvarious V.T.O L. control criteria. In general reasonabl e agreement
was found between the present results and those from previous wrk. The
reasons pilots gave for not liking tho characteristics which were felt to be
unsatisfactory have been recorded and discussed. They were fairly consistent
from different pilots and scorned to arise logically fromthe type of tasks
they were asked to performand the given axrcraft characteristics.

Some brief tests with non-linear gearing between the control stick and
the control actuator did not show any outstanding advanteges over a |inear
control, but these tests were by no nmeans exhaustive. Another brief set of
tests in which the aircraft rate danping was reduced with control stick
position did show a noticeable inprovenent in handling qualities over those
with | inear control

Soms tests to investigate tho ease of controlling the aircraft in the
event of an gutostabiliser failurc showed that the sinulator could be con-
trolled fairly easily when a simple reduction an danping occurred in stabilised



hovering flight. Results for the same typo of failure wnen the aircraft was
bei ng manoouvrad wore very variable and depended critically on the exact con-
dition of the aircraft at the instant the failure occurred. When the auto
stabiliser mal function resulted in an out of balance rolling noment, as well
ag a reduction in danping, the sinulator was very much more difficult to
control ond the vilots were doubtful whether ihey would have been able to
control such a failure in flight, even from a stabilised hovering condition,
if the out of balance needed morec than a small froction of the total control
travel to trim

Bocause Of linitntions in the simulation equi pment a | ess comprehensive
study of pitch control was made, but a carpet plot of control effectiveness
and aircraft rate danping was again obtained and hns been conpared with the
results of previous studies.  Reasonable agreoment betweenthe various results
was found.
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Appendi x A

COMPLETE EQUATI Ons OF HOTION FOR A SYMMETRICAL,
WITH THE APPROXTHMATIONS USED |N THE PRESENT TESTS

A1 Translational notion w.r.t. aircraft body axes

(a) Longitudinal

mﬁ:PX+X-mgsina-me+mVR
(conplete equation
(v) Lateral
oV = ?y + Y+ mg cos 6SiN ¢ = plR + aP
(conplete equation
(c) Vertical
oW = Pz + Z + mgcos 6 cos ¢~ mVP 4+ ol

(conplete equation

A.2 Rotational notion about aircraft body axes

(a) Pitch

. 2 2
Ty 0= (@I + L @-F)+ 1 + M

(conplete equation

(v) Roll
1 (1 =T,q) O + Ixz(fl»fPQ) +T 4L
(conplete equation
{c) Yow
. R o= (lxx'lyy) R+ Ixz(ﬁ’_QR) + T 4N

(conplete equation

GETHER

used)

used)

used)

used)

used)

used)
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A.3 Euler axis conversion fromrotation about aircraft body axes to
changes an &craft orientation w.r.i. the earth

(a) Attitude angle

é:Qcosqﬁ-RsinqS
(conplete equation used)
(b) Bank angle
$ =P+ Qsing¢tan 6+ Rcos ¢ tan 8 (=P + § sin 8)

approxi mation used in simulation:-
¢ P+ Qsing¢sind+ Rcosdpsing, for 6 smell .

(¢) Azimith angle

¥ = Qsin ¢ sec 8+ R cos¢d sech
approxi mation used in sinulation:-
y »Qsing + Rcos¢, for & small

A.4 Translational velocity conponents w.r.t. €arth co-ordinates.

(a) Along runway

éx = U cosB cosy -V(cosd siny = s5ind sing cosy) + W(sind cosp cosy
+ sing siny)

approxi mation used in simulation:=

¢ s U-v-L & Wsin6 all attitude angles small
S, % U-Vgs , g

(b) Across runway

éy = U cosbsiny +V(co§q5 cosy +8in0sing siny) -W(sing cosy
- 5inb cos¢g siny)

approximtion used in sinulation:-

T P A ~ Wsin all attitude angles small
5, % Ughs v $ g
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(c) Height

§ = =Using+vcosgsing+wcos 6 cos ¢

approximation used in Sinulation:-

éz % =~Usind+Vsing+ W, all attitude angles small

A.5 Resolution of w nd conponents VW, W nmeasured w.ret. €arth ares
wnto conponents UW, VW and WW along the aircraft body axes

(a) Conponent along the |ongitudinal axis

U = w_COS 8COS{y +w COSOSIN{ymw SIiNBO
W X ¥ z

approximation used i n simudation:~

o}

U 8w w
w xt 'y b3

(b) Conponent along the lateral axis

v, = -wx(cosc;b siny - sind sing cosy) + wy(cosqb cosy + sind sing siny) + L cosb sing

approxi mation used in simulation:-

[+]
VW 3 "Wx —%-?—:3 + Wy []

(c) Conponent along the vertical axis

LA wx(sine cos$p cosy+sing siny) —wy(sincb cosy ~ sind cos¢ siny) +W_ 0080 cosd
approximation used in simlation:-

W #~w Sin 6+ y
w x Z
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Appendix B

AN £yrnESsTON FOR THE S NGLE-DRGREE-OF-FREEDOM ROTATI ONAL MOTION OF A

REACTTON CONTROLLED VEH CLE VITH DAMPIRG WHEN SUBJECTED 70 AN
IDEATLISED CONTROL INPUT

In order to change the attitude of a rcaction controlled sircraft the
pilot nust make a sequence of novenents which may take roughly the formof the
idealised, Step changes in control position shown in Fig.A

=
[p%)
(N

Control
deflection 8
8(t) | !
‘ - R b F: 1= “y
%
|
v
In this control sequence the control deflection s(t) has the values:-
s(t) =0 for t<0O
6(t) = +5, for 0«<t < T,
s(t) = =8, fer 1, <t < T,
8(t) = 0 for T, <t
The aircraft nmotion is governed by an equation of the form-
g + G = N 8(t) (B.1)

where ¢ is the aircraft attitude (rads)
| is the monent of inertia (slug—feet2)
Cis the danping monent (Ib ft per rad per sec)
Mis the control moment (1b £t per inch)
6(t) is the control deflection (inches).
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This may be rewritten:~

%+ R$ = K S(t) (B.1e)
where R =q-[g is the ‘damping tO inertia ratio' (por sec)
¥ . , o 2,.
K= 3 is the 'control sensitivity (rad/sec”/inch)

The mothod to be used for solving this equation is that of the Laplace

transformation; -
o

2AP) = f PV (1) at .
Q

The transformof the tinme function of control deflection, &(t), shown in
Fig.A is therefore:-

1 2
g(p) = | 51 e‘pt dt —f 62 e—pt it
0 T,
-pT ) -pT -pT
= 2L l-e Ny 22 (e L 2y (.2)
P p
sothat the transform of equation (B.1a) is
Ko -pT K ~pT -pT
- §
pp+R) § = =t (1me N o—E (e T 2
P
having the sol ution
~pT -pT
) K8 K& +8)e ' Kéo 2
¢ - t ] (B;5)

pz(p+R)— p°(p+R) A pz(p+R)

The inverse of this expression may be found from a list of known transforns,
together with the application of the Shift Theoremain the case of the |ast
two terns.

K§ ~R{t~T,)

K(8, + 6,)
o(t) = *il[ﬂ%(e'm—‘l)].-%[(t-m b2 (e ! 1) KT

X5 -R(%-T,)
+—§‘2[(t~T2) + %(e e -1)1 H(t-Tz)

... (B4
where H{t-T) is an operator having tho property that, if
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g(t) = £(t-T) H(t=-1T)
then

and

g(t) = £(t-T) for t>7T .

An expression for rate of change of attitude 1s obtained from the inverse of
PXE’: i.e.-

i K(5, +5,) | -R{t-T X5, ~R{%-%
${t) = 1[1~B'Rt:|—%2[: 'e 1>] H(t-T,)+ 5= | 1~e 2

R R 3

H(t-T2) .

... (B.5)



32

Table 1

TABLE oF NUMERICAL, DATA USED IN SETTING UP THE SI MULATION. MOST
VALUES ARE THOSE FOR THE SHORT sci Al RCRAFT

Wi ght 6900 Ib

Mnents of inertia Pitch I:YY 5480 sl ug feet?
2
Rol | I, 1865 sl ug feet
Yaw | 2z 7000 sl ug f'eet2
Product L taken to be zero

Engine characteristics

Max. conbined thrust of four lift engines. 8400 |b.

Engi ne respcnso characteristics represented by a first order lag with
time constant O+11sec, together with a [imtation on max. rate of change of
thrust to 3500 1b/sec.

Lift throttle sensitivity (in hovering region) 1000lb/inch.
ldling thrust of propul sion enging. 400 |D.

Control  system characteristics

Pilot's controls

Longi tudi nal control travel 3% inches
Lateral control twavel +3% inches
Directional control travel +3 inches

Force gradients (on sinulator)

Longi tudinal  control Breakout force 2 |b
Force at full travel 1lb

Lateral control Breakout force 2 Ib
Force at full travel 4 1D
Direction control Force at full travel cpprox. 25 Ib.

Control power, control sensitivity and damping werc vaiedduring the
t est programme. |n representing tho scraircraft values taken were:~

Longi tudinal control power (full travel) 1+ rad/se02
Lateral control power (full travel) 1°3 rad/se02
Directional control power (full travel) 0+35 rad,/sec2



Tabl e 1(Contd)

The correspondi ng control sensitivities were 0+3t,0-37and
012 rads/secz/inoh f or the longitudinal, lateral and directional control
power Srespectively.

Aerodynamac Characteristics

Forces produced by relative wind

Longitudinal Xu = =7 b per ft/scc

Lateral Y, = 21b per ft/sce
Vortical z, = =-201b per £t/sec

Monent s produced by relative wand

Pitching iﬁl- = +O'3°/sec2 per ft/sec
A
. . 2
Rol | i ng Tl = =0+4°/sec”per ft/sec
XX
. Nv 2
Yawi ng = +0+05°/sec® per f£t/scc

ZZ

33
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Table 2

EXPERI ENCE OF PILOTS MAKING PART I N THE SIMULATION

Types of jet- Helacopter Hours on
Pilot borne V.T.OL. experience present
aircraft flown hours simulation
A Short s.c.1 90 11
Hawker Pl 127
Bell X.14
B Short S.C.1 50 5%
C - 40 9
D - 50 8
T Short $.C.1% 100 =
F - 100 4 ,
G Hawker P1127 !
Short S.C.1/ 10 1%
Bell X.14/

*denotes only |initedexperienco on these . types.,
Fdenotes only one flight on each of these aircraft.
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¢,0,¥

W W
' vz

SYMBOLS

acceleration due to gravity

moment of inertia about the rolling, pitching
and yawi ng body datum axes

product of inertia
rolling noment due to aerodynamc forces

rolling momeat due to relative wind along the
lateral body axis

pi tching noment due to aerodynaric forces

pitching noment due to relative wind along the
forward body axis

yawing momont due to aerodynam c forces

yawing noment due to relative wind along the
lateral body axis

rate of roll about body datum axis

engine thrust conponent3 along the forward
| ateral and nornal body datum axes

rate of pitch about body datum axie
rate of yaw about body datum axis

vel ocity conponent3 al ong, across and normal to
the runvay

rolling, pitching and yawing moments due to
engine and reaction control forces

vel ocity conponent along the forward body
datum axis

vel ocity conponent along the lateral body
datum axl s

vel ocity conponent along the normal body
datum axis

aercdynemic force conponent along the forward
body datum axis

aerodynemic force conponent along the latera
body datum axis

cerodynamic force conponent along the norma
body datum axis

Euler attitude angles of roll, pitch and yaw

wi nd conponents aleng, across end normal to the
runway

35

f‘t/sec2

sl ug feet2
sl ug feet2
b feet

b feet
b feet

I b foot
b feet

b feet

rad/sec or
deg/scc

I b

rad/sec or
dog/sec

me/ees
ft/sec

b feet
ft/sec
ft/sec
ft/sea

)

I'b

I'h
rad Or deg

£+/sec
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APPENDIX C BLOCK DIAGRAMS OF THE COMPUTER SET UP

@

SUMMING AMPLIFIER HAVING AN OUTPUT
NOLTAGE jGIVEN ay

Yz« (a+b+3c+3d+Se+5f)

SIGN REVERSING AMPLIFIER HAVING
AN OUTPUT yz =% ALSO USED AS
A ‘BUFFER’' TO PREVENT INTER- ACTION
BETWEEN COMPUTING ELEMENTS

NG AMPLIFER HAVING AN
:-—szd.t

COEFFICIENT SETTING POTENTIOMETER
GIVING Y=nXx WHERE n CONSTANT <|

SERVOMULTIPLIER HAVING AN OUTPUT

|
Y100 XixXe

SERVORESOLVER HAVING AN OUTPUT

y=x,810¢ [oa cos¢]

DENOTES THE VOLTAGE ANALOGUE

OF A VARIABLE [FOR wSTANCE
[SR}MEANS THAT A GIVEN RATE OF YAW
R?/SEC WOULD BE REPRESENTED BY A
VOLTAGE 3RV]

FIG. Cl KEY TO COMPUTER BLOCK DIAGRAMS
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.
CONTROL
STICK
ROLL
=00y AL NOZZLES
__+fer) .

&

LMIT 2 132V

LIMIT265 SV

+{Va}

8\
3

)

ANGULAR
ACCELERATION

EQUATIONS

. ANGULAR
'{P} VELOCITY

EULER ANGLE
CONVERSION

)

+ {2 ¢}

EULER ROLL ATTITUDE
ANGLE

{F}= (00l 25d) {3k} o e)bo (27} {256} +(0180){3R}+( "‘5){%:—5']-(0'40){\112]
(27)=2f{ FJat
(28} ={27) +{o80){25¢)sine
(20} -f{edfu

FIG.C2 COMPUTER DIAGRAM FOR ROLLING MOTION



Sin

— . -{3r}
+[3]) EULER ANGLE
b (' o +L3R} CONVERSION
. -_{sa} ¢
(27} ‘{25@ — ?
. : 0834 1
. -{.zp} s \ +{25Q} . ! + {2 5-9}
. +{27) I 3
‘ ANGULAR ANGULAR
SR G ACCELERATION VELOCITY 3
. +{3%) 5
. -{3R} ' 5
CONTROL
PITCH 85T —
STICK NOZZLES '{"' }
+100 -{2s¢} +{zse}

_ +{2 5G} @_‘\
| mmezey

EULER PITCH ATTITUDE
ANGLE

LIMITosV

~{us)

EQUATIONS

{-s6}= (0oi8)iss {3r}{a”}-(o 043)%0{%}{29},.(o.4zz)ﬁ[3g}{zp}+(‘.OD{%?}+(Q.45) (s}
{2§§0}= (e7) (158} oy

{2-5 é}:{z 5Q} cos¢~(0 834){3R} sin g

{edg=|{pse}ar

FIG.C3 COMPUTER DIAGRAM FOR PITCHING MOTION



Ty
+{250)

_+fesd
-{zp}

[

+{2r

L

RUDDER
PEDALS
| {ADY
Q&)

VAW NOZZL.ES
o8l @—{>

Sing EULER ANGLE
% CONVERSION

+{250} —1' +{2s¥)
cosd
— e e

+28
: ANGULAR
ANGULAR VELOCITY
ACCELERATION _—D
— )
+{Z-s y.}
€9—s
-{v;} EULER HEADING ANGLE

EQUATIONS
{3&}- -(0043)%5{2-59] [3n}+(o-ue1){f=}—(oes) %5[2?}{_2-5@}(oaau){%&}ﬁoaa){vn]

(s =I{3§}d.t
{z-s;:} =(oe34) {sn}cosdar{z-sa}suh ¢

{z-s¢}= [{z-s Hdt

FIG.C4 COMPUTER DIAGRAM FOR YAWING MOTION



. 48
- 4 - :
-{sw} :& J @ t
+ (5w} i |
+{zu) FORWARD DISTANCE
+{-”} VELOCITY
—t2v}
2

sin@ ¢ ;@_ :
) :loo g \{u"} -{ug)

o100 oo}
o100 ) RELATIVE WIND ALONG
o 1100 @_ 2 FORWARD AXIS.

__GUSTS @

WIND COMPOMENT
ALONG RUNWAY

EQUATIONS
{iou} =(020){25"e) {o827){ur}-(4) o {5} 250 +(28)rss {2} 2 -(B22) 00 8in 04 187

{n} - (020)[{iot}dx
{28} ={es}-(o10)3{2dfesd+os0)pdsine

{w) =-(o8){eu-{or0)ma{wy} {25y~

FIG CS COMPUTER DIAGRAM FOR FORWARD TRANSLATIONAL MOTION
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<¥>@<§> c

-

Sin
——100 SIBEWAYS
‘ : a | : > DISPLACEMENT
o100 -

RELATIVE WIND ALONG
AIRCRAFT LATERAL AXIS

+100 .
o OUSTS (:)

AN
3
EQUATIONS c
{10¥}=- (055){_""} *'("75){_5“}{2?} -(2-90){2u} [sn} +(322) 100 cos 8sing S
{'N} = (O-W)JQW} d | RUNWAY
{m}= v} -0 {ssing
{vn} =- (s0){2} HoroYss {Ux} [2.5“} -{P’}

FIG.C6 COMPUTER DIAGRAM FOR SIDEWAYS TRANSLATIONAL MOTION
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02

) +{esq}
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34

P

4

Ni-

VERTICAL H2v) E HEIGHT
ACCELERATION _
o SR
t[z_”} VERTICAL
o . VELOCITY
~{2u} —
EQUATIONS

| {_4 W] s -;(o-m) {_‘ZWa}i-(I-ZBB) 100COS® m*(FW)I%a{,ZU}{?'SG] *("'43)%'6{:2"]{2@'("575)[2'%@

(sw)= (oéo)}[m}u

LIFT THROTTLE

- [séz} ={sw)}-5){2)sin 0+(25){2V} sin g

{ewg}= ~{2wz}-(0-20){ i sine-(02){sw}

FIG.C7 COMPUTER DIAGRAM FOR VERTICAL TRANSLATIONAL MOTION
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QUABRATIC TERM IN STICK GEARING

™~
L~

1

ROLL NOZZLES

=

STICK hﬁ- ;
—i00¥ L.—
+100V | @_
SmZ

+{:a|=] I [:l :

>
b

RS
v

RATE OF ROLL bAMPING TERM DEPENBENT ON STICK POSITION

FIG.C8 MODIFICATIONS TO ROLL CONTROL COMPUTATION TO REPRESENT NON
LINEAR STICK GEARING AND VARIABLE DAMPING
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F1G.I. GENERAL LAYOUT OF THE SIMULATOR




{d) Lift engine throttle

Fig.2. Details of the simulation equipmen:



Fig.3. Two views of the simulator visual

background as seen by the pilot



Fig.4. Two views of the runway taken by a

camera attached to the §.C.1. aircraft

W

(e

)



Fig.5. Type of visual simulation achieved with improved

shadowgraph projector now being developed
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ROLL
DAMPING

sec-!

L | ] |

o

o4 o6 0'8 (e
ROLL CONTROL SENSITIVITY RAD/SECE/IN

CASE

pjsect

sec-!

SEN w.i—gt_IZn

PILOT COMMENT

4

063

q

NO GREAT DIFFERENCE FROM PREVIOUS CONDITION. NO'T
QUITE AS LIVELY, LIKES (T SLIGHTLY BETTER THAN THE
LAST CONDITION BECAUSE CONTROL 1S STILL CRISP BUT
WITHOUT THE TENDENCY TO OVERCONTROL

0-80

AGAIN NO GREAT GCHANGE FROM PREVIOUS CONDITION
BUT NOT 80 TIDY AT THE HOVER BECAUSE OF SLIGHT
OVERCONTROLLING TENDENCY. GOOD AUTHORITY
FOR MANOEUVERING

PURTHER DEGRADATION IN STEADINESS AT THE HQVER
WHICH BEELS LIKE A REDUCTION IN DAMPING, RESPONSE #01
MANOEUVERING GOOD, NEEDING ONLY AN INCH OR SO
OF STICK TRAVEL

LITTLE CHANGE FROM PREVIOUS CONDITION

SENS
CASE Inagjaecyn

DAMPING
sec-l

PILOT COMMENT

) 0-.27

ROCK STEADY AT THE HOVER BUT NEEDING FULL
CONTROL FOR MANOQELVERING AND WOULD LIKE
THE ABILITY TO REVERSE BANK ANGLE A LOT
MORE. QUICKLY. TENDENCY TO OVERSHOOT ON
LATERAL TRANSLATIONS BECAUSE OF TIME
NERDED TO APPLY BANK AND REMOVE IT. RESPONSE IN
HOVER O.K. PROVIDED ONLY SMALL MOVEMENTS
ARE NEEDED

074

AN IMPROVEMENT OVER THE PREVIOUS TWO CONDITIONS
BECAUSE THERE & STILL PLENTY OF AUTHQRITY FOR
MANOERUVERING BUT CONTROL IS TIDIER AT THE
HOVER.USING ABOUT HALF THE AVAILABLE STICK TRAVEL
FOR MANQEUVERS = THIS 1S NOT EXCESSIVE AND THERE (S
LESS TENDENCY TO OVERCONTROL AT THE ENO OPF
A TRANSLATION

087

SLIGHTLY MORE CONCENTRATION NEEDED TO MAINTAIN THE
SAME ACCURACY AT THE HOVER, VERY REASONABLE POR
MANDELVERING AND CONFIDENT THAT HE CAN MAKE

SMALL DISPLACEMENT CORRECTIONS BASILY

2 040

CANNQOT NOW CONTROL ATTITUDE QUICKLY ENQUG
TO AVOID SLOW TRANSLATIONAL WANDERING AT
THE HOVER. INABILITY TO ROLL RAPIDLY AT THE
END OF A TRANSLATION RESTRICTS THE
MANOEUVRES ONR 1S PREPARED TO MAKE.
TENDING TO USE SMALLER BANK ANGLES AND
SLOWER MANOCEUVRES

A BIG DIFFERENCE OVER PREVIOUS CONFIGURATION, |
|AIRCRAFET VERY MLUCH LIVELIER.CAN MAXE ALL
"THE. ATTITUDE CHANGES NEEDED FOR HOVERING
WITH ONLY SMALL S$TICK MOVEMENTS. IN
MANOEUVERING, SEELS VERY MLCH IN CHARGE OF THE
AIRCRAFT AND CAN ADJUST ATTITUDE PRECISELY
AT EACH STAGE AS THE MANOEUVRE PROGRESSES,
POSSIBLE SLIGHT TENDENCY TO OVERCONTROL
IE VERY LARGE CONTROL MOVEMENTS ARE MADE

0

%

A BAD CONDITION. ANTICIPATION WHEN

CHANGING ATTITLUDE 18 NEEDED TO AVOID OVER ROLLING.
HAVE TO DO THINGS SLOWLY AND AVOID LARGE

BANK ANGLES

057

MUCH PREFERABLE TO PREVIOUS CONDITION.CAN NOW
CONTROL SMALL TRANSATIONAL. MOVEMENTS CONPIDENTLY

12

057

08

NOW TOO LITTLE DAMPING. EASY TO GET INTO AN
OVERCONTROLLING TENDENCY NEEDING SEVERAL
CYCLES TO DAMP OUT

FIG.7 TEST DATA FROM ROLL CONTROL INVESTIGATION PILOT A
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FIG.15 NON-LINEAR ROLL CONTROL GEARINGS TESTED
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