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"EFFECTS OF SIDE-STICK CONTROLLERS ON ROTORCRAFT HANDLING QUALITIES FOR TERRAIN FLIGHT

Edwin W. Aiken
Aeromechanics Laboratory, U.S. Army Research and Technology Laboratories: ~ AVSCOM

NASA Ames Resaarch Center
Moffett Field, California 94035 U.S.A.

Abstract _ '

. Pertinent fixed- and rotary-wing feasibility
studies and handling-qualities research programs
/ are reviewed and the effects of certain controller
characteristics on handling qualities for specific
rotorcraft flight tasks are sumrarized. In par-
ticular, the effects of the controller force~
) : deflection relationship and the number of con- -
trolled axes that are integrated in a single
coitroller are examined. Simulation studies con-
ducted as part of the Army's Advanced Digital/
Optical Control Systéem (ADOCS) program and flight
research programs performed by the National Aero-
nautical Establishment of Canada provide a signif-
icant part of the available handling qualities
data. These studies demonstrata the teasibility
of using a single, properly designsd, limited-
displacement, multi-axis controller Jor certain
relatively routite flight tasks in a two-crew
rotorcraft with nominal levsls of stadbility and
control augmentation. However, for the mor'e
demanding terrain flight tasks, unless high levels
, of stability and control augmentation with a high
degree of reliability are incorporated, separated
three- or tworaxis contr.ller configurations ara
required for acceptable handling qualities. -

: Introductinn

Advanced flight control systems which employ
L, fly-by-wire or fiberoptic technology provide the
control system designer with the flexibility to
| synthesize the systea based upon pilot-oriented '
design criterfa, In addition tc¢ multimode control
laws which vary as a function of mission task and
riight condition, these systems will include
advanced pilots' controllers with designs that are
no longer constrained by the characteristics of a
. mechanical flight control aystem. One particu="
larly appealing design concepi is the replacement
of the conventional set of primary controllers by
a single side-stick controller. This approich. to
controller design provides significarit benefits to
the cockpit designer by i{ncreasing the available
cockpit space, by a savings in weight, and by
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improvements in relfabtlity; pilot safety and
comfort say alsc be enhanced by the resultant
tmprovements in ~isibility, ingress/egress, crash-
worthiness, and by the eiiminatfon of the poor
posture causad by conventfonal controller loca-
tion. However, until recently, the effects of
this advanced controller concept on the ease and
precision with which a pilot is able to perfora .
terrain flight tasks were largely unknown.

Much of the background’ information presented
in this paper is based upon investigations of the
effects of controller characteristics on aircraft
handling qualitiea: "those gqualities or charac-
teristics of an aircraft that govern the eas: and
precision with which & pilat {s adble to perform
the tasks required in support of an aircraft
role."' Handlirg qualities are, therefore, influ-
enced not only by aircraft stability and control
characteristics but also by ractors such as the
design of the cockpit interface~-the controllers
and dtsplays provided for the required tasks. All
of these handling qualities studies have assumed a
two~crew situation; ro dities such as navigation,
communication, and battla-captain functions, which
would be perforsed by th2 pilot of a singie-crew
soabat rotororaft, were issigned to the pilots.
Therefore, extrapclation of these results to the
aingle-orew situation mu:it be based upon sound
engineering and piloting ji igmert. The controller
tradeoffs addressed 'in this paper are: 1) conven-
tional versus side-stick controllers, 2) displace-~
ment versus force controllers, and 3) separated
versus integrated controllers.

Convcﬁtxonu versus Side-Stick Controllers

Cockpit Design !ﬂ!nudm-
l The replacesent of the conventional set of

primary controllers by a single side-stick con-

troller can yield significant benefits. 'An
{norease in avallable cockpit volume provides
valuable room for the additional avionics required
to perform the sdvanced scout/attack mission. In
a comparison of ocnventional. cockpit conirollers
With a oonfiguration consisting of a two-axis
side-stick and ssall-displacement collective and -
pedals, Ref. 2 reports a 30% weight savings with
the side-stiok oomfiguration. This same study
claims signifiosat lmprovements tn both flight

.
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safety and mission reliability using the advanced
controllers,

Certain human factors and man-machine inte-
gration benefits can also be derived from a cock-
pit design which employs a side-stick controller.
Potential benefits include improvements in:

1) visibility caused by the removal of the pedals
and cyclic stick; 2) ingress and egress, espe-
cially if the side-stick can be mounted on a
movable armrest as in Ref. 3; 3) crashworthiness,
caused by the removal of potentially lethal
objects from the cockpit; and 4) pilot comfort, by
eliminating the need for the traditional helicop-
ter pilot slouch over the controls, and by allow-
ing feet-on-the-floor flight. However, “any bene-
fits gaited In a substantial deviation from this
(conventional) arrangement must be weighed against
the costs of retraining the pilot's spontaneous
control command patterns, particularly i{n high
workload and emergency situations.”

Feasibility Studies

Simulator and rllghi irvestigations have
demonstriced the feasibility of the use of a side-
stick, ¢controller in both fixed~ and rotary-wing
aircralt for certain tasks. All of the fixed-wing
studies involved side-sticks with two axes of
control: pitch and roll. In a 1957 NACA-
sponsored program, a Navy F9F was equipped with a
side-stick controller to investigate the control:
imolicatlons of 'such a dev!ce.5 All of the pilots
were able to execute precision flying tasks with
no performance degradation. Pilot effort was felt
ts be reduced because of the lighter control
forces and the comfor!, provided by the controller .
armrest.  in 1970, the Air Force Test Pilot School
flew an f-1ou equipped with a side-stick con~
tralier.” The side-stick was unanimously pre-
ferrad to the conventional center stick and pro-
videl superior trajectory control with drastically
reduced pilot worklcad. Over 69 pilots flew with
the 3lde-stink and accumulated 870 hr of flight
time with no controller faflures. A direct com-
parison o® pilot performance with a centur~-stick
and a side-stick was performed at Wright-Patterson
AFB in 1970.7 Tha 3tudy cor.cluded that a sida-~ '

“stick was feasible for use in high-speed, high-

altituge maneuvering tasks; it resulted {n

{mprove¢ perfurmance for landings and other preci~
tlon mareuvers, but it ylelded degraded perfor-
mance for larch-amplituds maneuvers at low :
alttituges. '

Feasibility studies of the use of side-stiok
contr>llers in helicopters began in 1968 with the
Tactical Aircraft Guidance System (TAGS) program.8
That systsm was implemented in a CH-4'B aircraft
and init{ally {ncluded a four-axis diuplacement
controller; because of anatomical coupling prob-

lems between the longitudinal and vertical axes, a
three-axis controller wds eventually implemented
with vertical control effected through a standard
collective lever. Pilots were also critical of
the longitudinal control implementation; the large
displacement (4.5 in.) and viscous dampirg created
a controllerr which felt massive and heavy. Both
the lateral axis (a base-pivot design} and the
directional axis (a twist-grip) were considerad
acceptable. The use of multi-axis controllers was
rejected for the Heavy Lift Helicopter (HLH) pri-
mary flight control system”’; however, a fcur-aiis
finger-ball displacement' controller was imple-
mented at the load-controlling crewman's station
in that vehicle for precision cargo handling tasks
requiring a high level of stability and control
augmentation. '

In a three-degree-of -frecdom moving-base
simulation of the unaugmented Lyax helicopter at
the Royal Aircraft Establishment (RAE) Bedford, a
two-axis displacement side-stick was compared witn
the conventional cyeclie controiler for 11 differ-
ent flight ;aaks.1 ‘When a suitable cortrol sen-
sitivity was selected, the side-stick compared
favorabi- with the conventional controllar and, in
fact, was praferred for some of the tasks which
required only small control movements. Manual .
trimming was considered to be difficult because of
the trim-button location and the force required to

_operate it; inadvertent control inputs were the
result. A simple armrest drew no adverse com-
ments, but a wrist support was recomiended. 1In a
piloted simulation of an Advanced Scout Hellcopier
(ASH), an A-7/F-16 two-axis side-stick was found
to 'be feasible for an ASH mission when employed
with suitable levels of stability and control
augmentation.

A feasidflity study of a four-axis isomet-ic
(rigid) side-stick controller was conducted fo- a
wide range of fllght'tasks1! in the Canadlan’
National Aeronautical Establishment (NAE)

Airborne Simulator, a variable stability Bell
Model 205A-1. Two primary side-stick configura-
tions, a four-axis controller and a three-axis
controller .ith normal pedal control, were avalu-
ated together with variations in the level of
stability and control augmentation. A concluston
‘of this study was: "it i{s clear from these exper-
"iments that a helicopter can be flown throigh a
wids range of visual and instrument flight tasks
using either a three-axis or four-axis isoietric
,Side-arm contro. \er--without requiring exceptional
pilbt skill or concentration and within the bounds
of - normal helicopter work load demands." In a
_follow-on rlightllnvcstlgltlon.'z a comparison of
conventional controllers with the same two isomet-
ric side-stick configurations was conducted by
flying the Alrborne Simulator with augmented
pitch, roll, and yaw-rate danptqg through 2




low-alt:tudc course i{nvolving dboth maneuvering and
precision flight. For this experiment, ''the
pilots generally considered isometric (side-stick)
control to be more difficult and less precise, in
this type nf cloaexy bonndsd task, than conven-
tional control.”

Handling Qualities Studies

Handling qualities studies--those whlch
elicit both Cooper-Harper pilot ratlngs and pilot

commentary--which i{nclude a comparison of conven- -

tional controllers with side-stick controliers are
rare. The Ref. 11 flignt data, as interpreted in
Ref, 12, revealed that, when appropriate gains, .
shaping, and prefiltering were appiled to the
pilot's force input in each controlled axis, pilot
ratings comparable to thosc that were obtained.
with conventicnal controls were achieved by both
" primary side-st¢ick configurations, In two moving-
base simulations of halicopter visusl terrain’
r1¢ght,'3 it was detarmined that the eaployment  of
“a properly designed ‘wo-sxis displacement sldq-'
stick controller could, in fact, improve nandling
qualities over thcse provided by conventiconal
controlle~s (Fig. 1) dbut that increased levels of
stability augmentation were required to achieve
comparabl3 pilot ratings i{f a three- or four-axi.
{sometric controller was employed (Fig. 2).

Summary (’onventional versus Side-Stick)

The use of a single side-stick controller to
replace the conven-.ional set of 'helicopter oon-
trollers offers significant advantages to the .
cockpit designer and has the potential for enhanc-
ing pllot ssfety and comfort. However, based upon

the results of the feasibility and nandling quali- .

ties studies cited in this section, a single,
‘multi-axis side-stick controller has never been
demonstra-ed to improve handling gualities for any
helticopte~ flight tasks; in fact, there is a
strong inifcation that (noreased levels of stabil-
{ty and control augmentation are required to

- achieve even comparable handling qualities for
visual terrain flight tasks siailar to those
required of advanced oombat rotoreraft. Only a
properly designed two-axis side-stick has been
shown to offer the potential for improved handling
qualities when it {s compared to a conventionsl
cyclic stick; it is very possible, however, that
improved conventional ayclic stick force charac-
teristics would negate, or reduce th( algnificance
of, this sdvantage.
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Displacement versus force Controllers

Input Bandwidth

- With a conventfonal set of controllers, the
position of ‘sach controller with respect to some

. reference pnint s the pllot's input to the con-

trol system; the relationsnip batween the appiled
force and the resultant displaceaent may be
axpressed as a second-order response with charac-
teristics determined by the force~feel systea of
the aircraft.
inates this second-order "filter®™ on ths control
input, thus allowing closer control of the flight-
path of the alrcraft since the applied force is
itself the input quantity. ' As & result, the
innuts as saen by the control system could have a
such higher frequency content, or bandwidth, than
when displacesent controllers are employed. This
characteristic provides the potential for a more
precise control of the flightpath but also sakes

" the control system, and hence the aircraft

" parts count.3
" is required to provide the control force onarac~

. requiresents.
trol position information from a rforoe controller

response, more sensitive to sharp control inputs,
to inertial forces such as those experienced in
high-g maneuvers, and to aircraft vibrations that
are fed through the controller grip. It was for
f£hese reasons that the original force-sensing
stick of the F/A-18 was replaced dy a displacement
ocontroller during full-scale development test-
Ln(.' In Lhat program, forward-path prefilters
were employed in the digital flight control systes
to smooth the pilot’s fnputs from the force stick,
but those filters also yielded degradad oon=
trollability. Extra weight was required to sass~
balance the stick against .he forces usused by
oatapult launchi. Notoh filters in the flight '
control softuare were required to pre. ont struc-
tural intersction through the inertia of the (rtp
and the pilot's arm at structursl resonance fre-
quencies; these filtsrs alsc osused additionsl
t: se delays whioh further doa-md handling qualil-
cies and caused puot-l.nduood ocoulauonl.

Advantages and Mm& :

 The advantages of a foroe controller iie in
its inherent _sisplicity, reliability, and low
In addtition, no force-feel system

teristios that are dictated dy handling qualities
However, the lack of explicit oon-

can be a significant  disadvantage. Aithough the
husan pilot {s not & particularly ascocurate sensor
of controller displacement, the lack of any dis-
placement ouss can degrade the adility to sake
smooth and precise control inputs. Anr operational
problem that is caused by this lack of oontrol

" position information was highlighted in the

Refs. 11 and 12 flight expericents. Secause of
the usa of thy foroe oon'.ronu-. the analogies
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between conventional cyclic-stick position and
main rotor tip-path plane orientation and between
nedal displaéement and the remaining yew-control
authority were eliminaied. The former relation-
ship is particularly tmportant for slope takecffs
wrereas the latt.r provides important information
when operating with large yaw rates or in the
presence of large sideslip angles. A visual pres-
entation of this information was added to the
instrument panel to compensate for 'the loss of
control position cues. Probiems caused bty the
lack of absclute collective pitch-angle informa~
tinn were revealed in simulations conducted to
support the JVX development. The conventional
collective stick position, as an analog for col-
lective pitch angle, provides i{mportant informa-
tisn to the pilot during takeoffs, autorotations,
or maneuvers at high powar. As a result, the
orlgidal force contrcller used for vertical con-
trol [nputs was replaced by a small displacement
controller,

Be~aus: of the lack of motion of a pure forne
controller, both trimaing and control transfer
become more difficult to implement, With a
sophisticated flight control system the need for
manual trim inputa may be eliminated by incor-
poratinz automatic trim logic in the control laws.
Similar logic may be incorporated to assist in
control trarsfer to minimize aircraft transient
response., Fowever, in situations with a degraded
flight control system, trimming and control trans-
Ter may have to be perrormed unaided. Low-force

trim switches are required to eliminate the possi-

bility of fnadvertent control inputs while trim-
ming; in addition, the rate of removal of steady
trim forces must be carefully selected to minimize
any transientcs.

In a relatec area of concern, any secondary
control functions or selectors that are mounted or
the crip of a'force controller must be implemerted
30 18 to minimize any hard motion or application
of force which mlght cause inadvertant primary
control inputs. Low: force switches or buttons are
a raquirement wher using a force controller.

Results of Force/Deflection Studies

-+ Results of both fixed- and ro-ary-wing han-
dling qualities research i(n the investigation of
the relative benefits of force and displace.ent
sice-stick controllers indicate significant advan-~
tagrs for limited-di3placzzent controllers. In
anveral Fixed-wing flight lnvestigations typified

by Fef, 15, an “optimum" reglon for force=

deflectiorn relationships was dafined for two-axis
side-stick controllers. Typlcally, isometric
force montrollers yielded perforrance which was
very sensitive to the control sensitivity provided
(atrcraft response per-unit-of-applied-force)y

adequate performance was only possible for a very
restricted range of control sensitivities. As the
amount of controller compliance increased, tle .
region ¢f acceptable control sensitivities also
increased to some maximum value.

With furither increases in controller deflec-
tion-per-unit-applied-rorce, degraded handling
Ggualities occurred with comments about excessive
stick motion requirements and overshoots in air-
craft response. the results of these flight
experiments were incorporated in a design guide
for two-axis side-stick controllers used in
fighter alrcrart.1 Areraft design experience
also substantiaces the limited-displacement
requirement, The original side-stick design for
the F-16 prototype incorporated a virtually zero-
displacement force controller (:0.030 in. at the
grip); subsequent refinement for the production:
F-15 showed that a 10.2 in. displacement was
desired for longitudinal control and a $0.10 in.
displacement was desired for lateral control.

A total of seven different four-axis side-
stick controliers, exhibiting a wide range of
force-deflection characteristics, was evaluated
for use in helicopter terrain flight during the
ADOCS Advanced Cockpit Controls/Advanced Flight
Control System (ACC/AFCS) simulator !nvestiga-
tions.'7"!9 Three of these controllers are illus-
trated in Fig. 3. Early {n that program, it was
found that, as i{n the riaxed-wing investigations,
the introduction of a limited amount of deflection
in the pitch and roll axes yielced improved task
performance and handling qualities (Fig. 4).
Commerits on sluggish coAtrol response and less
precise attitude control resulted when there was
too much deflection. Later in the program; har-
mony among the four control axes was also found to
be an important consideration; a controller with
two limited-deflection control axes (pitoh and
roll) and two rigid control axes (vertical and
directional) was judged to ba only marginally
acceptable (Fig. 5). All’'pilots felt that deflec-
tion in all control axes improvec the ability to
modulate single-axts forces, prodiced less tan-
dency for overcontrol and anatomi :al coupling, and
enhanced control precision for hi h-gain piloting
tasks such as precision hover,

Te compensate for the potential of an
increased control {nput bandwicdth with a force-
aensing controller, both the ADOC: and NAEZO side-
stick {mplementations included sowo'preprocesslng'
of the control forcs inpu” before [t was used to
drive the control systems. A nonlinear shaping
function, consisting of a dead zone (or breakout)
and quadratic (NAE) or plecewlse-l{near (ADOCS)
control sensitivity function, was employed to .
provide acceptadble lavels of control sensitivity

'nqound zero force with minimum coupling of con@rol

- . w




inputs while permitting large, short-duration
inputs to be made without the use of excessive
control force. In addition, to guard against the
response of the aircraft to sharp pilot inputs
such as the rapid release of large control forces,
both systems incorporated techniques to smooth
the control input. The NAE system employed a
16 rad/sec first-order filter in each conrtrol
axis wiereas the ADOCS control laws included a
"derivative rate limiter"” designed to limit peak
accelerations for large control inputs without
~affecting control pracision for small force
inputs.

Summary (Displaccment versus Force)

A summary of the advantages aad disadvantages
of a force-sensirg controiler is presented in
Table 1. -Small-displacement force controllers
have been ..hown to provide significant hanalirg
qualities advantages over rigid controlle: s.
However, the control system software employed with
this type of coatroller must provide: 1) the
means to compensate for sharp pilot inputs and

B vibdratory forces; 2) the capability for both auto-
matic and manual trimming; and 3) control transfer
in a two-crew situation. Low-force buttons and
awitches are required for any grip-mounted secon-~
dary controllers or selectors. The lack cf
explicit control posittor. information may pose a
problem under operational conditions such as slope
takesffs or in flight with large sideslip angles,
and (n emergency conditions such as engine and
flignt-control system failures.

Seaparated versus Integrated Controllers

For the pucposes of this discussion, fully
"{ntegrated” ~ontrollers are those which combine
all srimary control functions on a single device.

3) compensation for human pilot characteristics
both nardware and software.

e
o

A number of two~ and three-axis hand control-
lers have beun lnves;igated for fighters, space-
craft, and helicogters. These controllers fave
used a sariety of reference systems for the con~
trol inputs. The roll-control axis has been
parallel to tae forearm and beneath the hand in
almost every controller tested. 4ith this roll
axis, the most intuitively correct pitch-control
axis {s horizontal and is perpendicular to, and
intersects, the roll axts. This axis system, used
for the conventional center stick and for the F-16
side-stick, requires some forearm motion for pitch
inputs to a displacement controller, which is a
possible disadvantage in a high-g or vibratory
environment. As a result, other pitch pivots
which allow operation without arm movement, such
as wrist- or palm-pivots, havs been investigated.
Both tha ADOCS and the NAE research prog.~ams
suployed a more conventional base-pivot set for
pitch and roll to minimize the risk that ts inher-
ent in a transition to a side-stick controller.
The yaw axis of control in a hand controller has
been implemented in several ways; the most preva-
l2nt has “aen tha grip twist about the vertical
axis of the hand grip itself. Alternatives, such
as a thumd lever to avolid the input cross-coupling
problsms that are inherent in the grip twist
approach, result i{n hand-fit probless and pilot
fatigue. To maintain control input-aircraft
response compatibility, vertical control was
effect.ed through the application of pire up and
down forces in both the ADOCS and. NAE programs. A
configuration- that was evaluated Ly the NAE using
grip twisc as the -vertical input. was confusing and
unacceptable. . N . .

Much sore stringent requirements for grip
design exist for integrated controllers than.for

"Sep.rated™ controllera. are produced when one or ,;,ﬁgngnacntad. convantional controllers. The grip

more of these functions {s removed from the inte-
_ grated controller. Lsvels of integration évalu-
ated in both the ANOCS and HAE investigations
rang2 from a fully integ~aied four-axis device to
a smjarated-controller 3Infiguration consisting of
2 two-axis side-stick ai:d conventional collective
and pedals (Fig. 6). Two primary issues ar: dis-
cussad ir this section: 1) r=an factors require-
ment ' for controller integration; and 2) handling
qualities effects of the level of integration.

Human_Factors Requiremen's

Three "humar. facters” requirements directly
related to the integration of multiple control
axes on a single controller are discussad: 1) the
selection of an sppropriate controlled axis refer-
ance system; 2) grip design roqulrolinta; and

t '

'

must be shaped so as to assist the pilot {n {den-
tifying ths controlled axes by praviding a ron-
stent hand position with respect ta the grip. It
must be designed to illow the pilot to make clean
control inputs {nto ach axis with a ainimum of
{nadvertent inputs into other axes. The original’
hand grip that was supplled with the {sometric

‘controller and evaluated by the NAE was found to

cause vertical-to-pitch and rol)-to-yaw .input
oross-coupling; a redeaigned grip was found tc oe
more tccoptubh.1 This new grip formed the basts
for the design of the _ntegrated controller grip.
which is implumented in the ADOCS demonstrator
holicopter. -

Other design fastors, while ilmportant for
separated controllera, decome critical for inte-
grated controllers. The controllér locatlion,
orlentation, and armrest/wrist support design are
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cracial factors in determining the pilot's abillity
to make smooth, uncoupled cont,ol inputs with
ainimum of effort and maximum comfort. The ADCCS
program Yas supplied a significant number of les-
scns learned in this regard (Fig. 7). Finally, to
compensate for relative arm/armrest/controller
geometry effects, it may be necassary to provide
asymmetric ccntrol sensitivities in certain con-
trol axes. For exaaple, the NAE program revealed
that it was significantly easier for the pilot to
produce an upward vertical force than a downward
force using the four-axis controller configura-
tion; a larger value of control sensitivity in the
downward direction was proviuad as a result.
Additionally the ADOCS program provided a higher
control sensitivity in the yaw axis for a clock-
wise directional input than.it did for a counter-~
clockwise torque to compensate for a similar huaan
asymmetry.

Handling Qualities Errects of Controller
Intﬂgration

A significant hand)ing qualities dactu . base .
has been created to substantiate an interactive
effect which must be assessed curing the advanced
rotorcralft cockpit design process: the interac-
tion between controller integrstion and the level
of stability and cortrol augmentation. In gen-
eral, for a given piloting task, increasing levels
of controller {ntegration must be accompanied
by increasing levels of stabllity and c¢Hntrol
augmentition to ensure that performance and han-
dling qualtties are not degraded. In the ADOCS
ACC/AFCS simulations 1t was found that controller
configurations which included a separated vertical
controller--with either a three- or two-axis side~
stick--exhibited handling qualities which were
generally improved when coampared to the integrated
four-axis controller configurations for the lowasr
levels of stability and control augrentation that
were investigated (Fig. 8). Separation of the
vertical cuniroller eliminated any in:.vertent
coupling of control inputs from the -urtical axis
to the pitch or roll axes, and reduced pilot: work-
lload for multi-axis tasks such as NOE maneuvering.
Tor the highur levels of stability and control
aumentation taat were investigated, handling
qualities were less afrected by the level of con-
troller integration. There wzs a general prefer-.
ence for side-stick rather than pedal control of
the yaw axis, despite a tandeicy to couple yaw
inputs into the roll axis, because of the precise
directional conticl which could be zthieved with a
hand controller.

In a four flight-housr "validatiod® of the
ADDCS simulation resulls for the lower levels of

stanility and control augmentation iLnat was con=- =

ducted in the NAE Airborne Simulator, Boeing
Vertol pilots found that manv of the simulation

results were«subsu%ntiate¢ by the flight evalua-
tion, Pi}ot ccmmtents indicate that the iategrated
four-axis aide-stick createéed high workload and

degraded flightpath performance, especially dufing '

the multi-axis maneuverirng tasks. The three-axis
controller which incorporated pitch, roli, and yaw
control on the side-stick was the preferred con-

troller configuration bscause of the decoupling of

vertical control fnputs and improved directional
control. With ail stability and controi augmenta-
tion removed, a fully separated controller config-
uration was required to perfcrm a decslerating
approach_to hover and landing; the four-axis con~
figuration resulted in an uncontrolladle aircraft
for this task. Pilots indicated that they wovlad
hzve preferred-conventional displacement control-~

lers for.landing the afrcraft in this condition.

From the handling qualities investigations
conducted in flight by the NAE, it s apparent
that integrated controllers are certainly feasible
and do not degrade aircraf“ handling qualities
when compared to conventicnal controllers for
ronprecision tasks such as cruise flight and
maneuvering at altitude. However, for precision
flight tasks .and high workload situstfons such as
encountered in NOE flight, the ADICS simulation

‘studies and limited flight validation results

indicate that, unlass high levels of stability and
control augmentation are. employed, 1ntegrated
controllers can cause significantly degraded han~
dling qualities when co-pared to aeparated con-
troller conflaurations.

3 aingle. integrated conCrollér may be a
requirement for a single-crew comtat rotorcraft i{n
order to allow the pilot to perform the other

‘supervisory and cont-~ol Tunctinns regquirad during

the mission. ' ‘Accordingly, an experiment.was con=~
dusted to investigate the use of multi-axis side~
stick controllers for flightpath control together
with a keyboard entry task using the fres hand.
The regults show that keyboard entry tasks inter~
fere with the performance oflfrlghtpath'trncklnc
and, coaverssly, that flightpath traoking inter-
feres with keyboard entry. If ¢ degradation in
performance occurs,. tne use of a multi-axis oon-
troller to free a hand for aission managament
tasks may not be appropriate.

Summary (Seplratcd versus Integrated)

Flight and simulation studies have shown the
feasibility of using properly designed limited-
displacement, (ni.sgrated controllers for certain
relatively routine flight tasks i{n two-crew rotor-
craft with nominal levels of stadility and control
augmentation. = However, for the more demanding

. flight tasks typical of an advanced combat rotor-

oraft miusion, unless high levels of stablltty and

" eontrol auqnontntlon with a high degree or




reliability are incorporated., separated ccntrollar
configurations are required for lccentlblc han-
dling qualities.

Concluding Remarks

! Tnhis papeir has highlighted several signifi-

. cant advaniages of employing a limited-
displacement, intagrated side-stick controller in
certain areas, including human factors and man~
machine integration issues such as improved visi-
.bility, ingress/egress, crashworthiness, and pilot
comfort. however, in order to provide acceptable
handling qualities with an integrated uvontroller,
high levels of stability and control augmentation
with a high degree of rslladility are required;
flight control or propulsion 'system failures a3y
cause this acceptable aircraft to become uncon-
trollaole.

~ Design crit~~ia which include pilot-orie.ted,
requirements are.crucial in the developeent of an
acceptabls integrated-controller configuration.
Details such as contrnller location and orienta~
tion, armrest and wrist support design, and grip
design including buttons and switches that are

{mportant for conventional controllers, are criti-.

' cal for 1ntegr|iqd. limited-displacesent, force-
sensing controllers. An equally importast set of
design criteria involves the flight-control system
software which {& :sed with the controiler; the
characteristics of the control input preprocessing
ancg the type of .%ability and control augmentation
system have a dominant effect on the suitability
of a particular controller., As with many other
2spects or_advancod'rotorcrl!t cockpit design
trade-offs, an effect.ve analysis of oontroller
issues must be bdased upor an integreted applice-

' * tion of principles an¢ guidelines employed by

. savcrll communities including pilots, avionics

. , engin~ers, engineering psycho!cogists, contyol
engineers, and human factors specialists.
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