


U IhIH]IiIiiluhl'l'l\'ﬂlllIHEIMIM

1176 01436 2793
NACA BM No. L6H30 - —— =~ ~———

NATIONAL ADVISORY COMMITTEE FCOR AERONAUTICS
RESEARCH MEMORANDUM

THEORETICATL. ANATYSIS AND BENCE TESTS OF A CONTROL-
SURFACE BOOSTER EMPLOYING A VARIABLE
DISPLACEMENT EYDRAULIC FUMP

By Charles W. Mathews and Harold F. Kleckner
SUMMARY

The NACA is conducting & general investisztlion of servo-
mechanisms for use in powering alrcraft control surfaces. This
paper preosents & theoretical analysis and the results of bench
tests of a control-bocster system which employs & veriable displace-
ment hydraulic pump. The boosier is intended for use in a flight
investigation to detexrmins the effects of various booster parsmesters
on the handling gualitles of airnlanes. Such a flight investigation
would aid in formmlating specific requirements concerning the design
of control boosters in general.

Results of the theoretical analysis and the bench teasts indicats
that the subject hooster is representative of types which show promise
of satisfactory performance. The bench tesits showed that the followlng
deairable features were 1lnherent in this booster system:

(1) No lost motion or play in any part of the system.

(2) No detectable la.g betwsen motion of the conbtrol stick and
control surface.

(3) CGood agresmsnt between control displacemsnts and stick-faorce
variations with no hysterisis in the stick-force characteristics.

The final design configuration of this booster system showed no
tendency to oscillate, overshoot, or have other undssirsble transient
characteristics common to bceosters. The booster may be adjusted to
require the pilot to exert any desired fraction of the stick force
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necessary to deflect the control surface or hold it deflected, but
the responss of the control swrface to motion of the stick 1s inde-
pendent of forces in the system or on the airplanse.

INTRODUCTION

The NACA is conducting & general investigation of servo-
mochanisms for use in powering aircreft control surfaces., This
investigation has been divided into the followinz phases:

(1) Study of Plight-test dmste to determine the effects of
girplane~handling requirements on the design requirements of controle
surface boosters.

(2) Analysis of boosters in vse or in the desizmm stage for
evaeluasting each system. '

(3) Wind tunnel or bench tests of the more promising booster
systems.

(4) Flight tests of alrplanes equipped with servopovered
control surfaces.

As a contribution to the first phase of this investigation a
gtudy of the power required to move control surfacoss was msde and
reported in reference 1. The present peper gives a theoreticsl
gnalysis and the results of bench tests of a control-bocster system
which hss been developsd both as ¢ contribution to the third phase
of the investigation and for use in further exbending the studies
involved in the flrst phase.

SYMBOLS
8, conbrol-surface displacement from neubral, degrees
8 control-stick displacement from neutrel, degrees
8, control-surface velocity, Gegrees per second.

éqm meximum control-surface veloclty, degrees per second

Ki ratio of control-swrface dlsplacement to stlck displacement
from neutral zt any static condition
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Ke ratio of the total stick force regquired to hold the control
surfzace deflected to the stick force held by the pilot

2y stick displacement roqudred to fully deflect pump control arm
with hyéraullc cylinder fixed, degroses

2, consrol-surface displacement asgocieted with 2y, degrees

a3 control-surface displacement required to fully deflect pump
control arm with stick fixed, degrees

t - tlme, seconds

m maximm time lag possible during steady motions of the booster
system, seconds

PN varietion of control-surfece hinge moment with control-surface

deflection, foot-pounds per degree
GENERAYT, REQUIREMENTS OF A G’OI-I'JEOL—SIBE"ACE BOOSTER

Until sufficlient flicht tests of various boogster syetens sre
made, specific regquirements Tcr a control-surface boogter cannot bs
formmleted. It is bellieved, howsver, that the following gquslitative
recuirements are necessery:

(1) Reasonably accurzte positioning of the control surface with
high sensitivity ebout any equilibrium positicn.

(2) Freedom from detecteble lag in opersbion.
(3) Frecdom fram oscillatioms or excessivs overshooting.
(k) Sufficient power avellable for rapié control movements,
(5) Provision for stick forces of the correct magnitude snd
with satlefactory varietions with control-swfuce deflection, airspeed,

normal &cceleration, etec.

In addition to thess requlirements, the following feabures would
be desirable for any booster systaem used in aircrafi:

(1) Mechenical simplicity and high mechanical reliability.

(2) Light weight.



L NACA RM No. LEH3O

(3) Low powor inpub.
(%) Bese in maintenance end installation.

The bocsker system describsed hersin sesms capable of meeting
threse guslitativo requirements to a high degree.

DESCRIPTION OF THE CONTROL-SURFACE BOODTER

The investigated conbrol-gurfzce boostor is shown schemetically
in figare 1. Its basic components coaslst of an slectric motor, a
verisble displacement hydraullc pump, & hydrsulic cylinder, and tho
necesgary contrsl linkages. thourh the mechanical deteils of &
typlcal variaple éigplecaerment piop and its servovalve are shown in
Tigure 1 only the general cperation of the sysbam will be described
et this point. The exisgtence of 2 hyéraulic purp whoge displacement
czn be varled by moving a control arm with ueglible force will be
agaimed and s detalled discuzrion of such a puww will be glven when
the setup for the bench tesis is descrided.

In the booster system the electric motor oporates continuounsly
znd drives the pump at approximetely constant specd. The quantity
of Tluid flow from the purp mey be varied from zeic to meximum in
direct rroportion to the displacemont of a pump contirrol arm from
neutral position (see fig. 1) and the direction of fluid flow from
the duap is detormined by the direcition of displacumnont of the pump
control aym from neutral pogition, Fluid from The pump actuates =
hydraulic cylinder vhich 1s conmected to the conbtreol surimce, Tho
over-gll result then is that the veleclty of thie control surtface is
approximitely proportional to the displacament of the purp control arm.
The pwrp conbrol arm is operated through direct ceering to the stick
end is algo connected to the comtrol surface thiyoush s follow up
linkage, By varying the ratlo of A to B as indicated In figure 1, the
booster systom may be zsdjusted so that the pilot is requirced to exert
any desired frection of the stick force necesscry to hold the comtrol-
gurface deflected.

TEECRETICAL ANALYGIS OF CONTROL-SURFACE BOOSTER

Inspection of the linkages In figure 1 will show that the
dlsplaceuent of the pump control arm and honce the control-surface
veloclty is proporitionzal to tho amount the control surface is
displacod from the position called for by the stick, Thus, provided
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the lag in operation of the hydraulic pump is negligible, the differ-
ential equatlion of motion for the proposed booster system may be

written _

[o]]

c Klas = ac

oo KiEp - %

where the quentities in the equation ere defined in the list of
symbols,

Other useful psrsmeters of the system may be noted from .
inspection of fTigwre 1 and examinetion of the zbove equation. The
maximum time lag possible during stezdy mctions mny be obtalined from
the relagtlion

Kz - ap
bep

The boost ratio {ratio of the total stick force recuired to hold
the control surface deflected to the stick force held by the pilot)
is given by the equ=ztion

il

Ko =& —

8n

The term Klal - &p which appears in several of the foregoing

relations is the control-surface displacement necessary to fully
doflsct the pump control arm with the stick fixed and will be
designated a3.

The values to be assigned to the constonts other than a, wiich

appear in the differential squation of nwotion depend chiefly upon the
cheracteristics of the alrplane in vhich the booster is Inatzlled.

The constant K; 1s determined from the desired total stick displace-
ment and the necessary tobal conbtrol-surface displzcement. Inmerous
Flight records of control motions under 211 flight conditions indi-
cate that maxirmm controcl-surface raztes de not exceed about 100° per



6 NACA BM No, LEH3O

gecond for large alrplanss or possibly 200 per second in cther
cages such es silerons on fighter asircraft. The constant a

chiefly determinss the accuracy with vhich the ccntrol surface
follows the shicl motion. Small values of a3 enatle bsitor
folloving but undesirable effects of play or stretch in tho eystem
are more predominste beceuse of the high gearing between the stigk
&nd the pwmp conbrol exrm, It is believed that if 27 1s made edual
to ebout 5 percent of the totel ghtick displacement (for conventionsl
nirplanes) edequate following and rcasonable sbick to control arm
geering will be ottalned. The value of a, deponds upon the boost
reblo desired for any perticuler design and does not appreclsbly
arfect the kinemztics of the system.

The linsar differenticl equestion of motion may be solved
for &, in terms of time snd By (a fwnetion of time) by cenven-

tional meane (reference 2) and gzives

bet {/’ Bo, t
B & 3 !
ag { BqBcp
= e
3

&
B, = @ = 3 &gt + C

vitere € 18 @ constont of integration which may bo determined fram
cxicting initial conditions.

The rosponss of the coanbrol swwrfcce to oiven moblona of the
control stick have been computed for the comditions: XK, = 1 (zontrol

surface dlsplecsmont equsl to that of the stick ot equilibriwum),
2y = 0 (infinite boost retlo), ocy, = 1007 por second, and
-0
81 = 83 = 23—. Figure 2(¢) shovs the recponse of thu control suxface

vhen the stick ls accelersted st 10,000° per sccond per second o &

volocity of 100° psr socond, continued at this velocity to a stick
o _
dlsplecement of 9% , and then decelerated 2t 10,000° per zecond

per second to zero velccity. The maximm time lag during ateozdy

motlion is 0.025 socond. Actuelly., lag in the conirol motlons cculd

not bo scnssd oven with +ty &t least twico thie valuo (b, = 0.5 second).
Figure 2(b) shows a similar rosponse cwrve for tho seme configurution
vhon the etick is accelorasited at 10,000° por second por socond to a
volocity of 100° per socond snd immodiately docolerated at 10,000° por
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gecond per second to zero velocity. In this case 90 percent of the
desired control-surface deflectlon was obtained within 0.05 second
after the stick motion ceased which indicabes thet the booster system
should be highly senzitive to smell stick displacements.

The curved of figure 2 show thet for a given stick motion (stick
fixed) the conbrol-surTece dlsplecement will not ogsclillabe or over-
shoot its equilibrium position. The anelysis, however, has assumed
a rigid system withz no plsy In the linkages. Presence of play or
stretch in the system mey result in tendsncies of the boosbter to
oscillate or overshoot. The pump and other hydrsulic components,
however, provids considerable damping which should minimize such
tendenciles, )

ESCRIFTION OF BOOSTER MECHANISM USED FOR ZENCH TESTS

The arrangement of the booster system for bench testing is
shown in the photograph in figure 3. The elechtwric motor and
veriable displacement pump for this asgenbly wore tzken fram a
Sperry type A-14A gm bturret used on the uppsr fuselsge dsck of
Boeing B-1T airplanes. The hydraulic pump wes mamufactured by
Vicksrs, Inc., The operation of this hydrsulic pump is shown
schematically in figure 1. The amount of hydraulic fluid displaced
by the pump during each revolubion is dstermined by the angle &t
which the cylinder block of the pump is tilted from newtral since
the stroke of the pistons in the pump ls varied in proportion o
this angle of ti1lt. The dircction of the pumping action may be
changed by chenging the direction of displacement of the cylinder
block from neutral. In ordsr to tilt and hold the cylinder block
with negligible force s small servovalve is used. This type of
valve 1s not comsidered satisfactory for dlrect spplication as a
control-surfacs booster because of limiteations on its gbility to
position accurately, operate smoothly, and be dynemically stable
under high load conditions. The velve 1s satisfactory in the
progent appllcation becaume it operates under low load conditions
end its motion dircctly affocta the velocity of the control surface
rather than the control-surfece displacement. The hydrsulic motor
gnd gosr train uged In the turret instellation wors replaced by a
hydraulic cylindor which actuatcd the simulatod control surface.
The arm that simmtated the control surface was restrained by shock
cords wvhich gave =sn approximately lincar wverlation of control
hinge momont with doflection Hg. Unloss othorwise stated, tho

value of EHs wused during the tests wes about 8 foot-pounds per
degree. This value would correspond to the hingo-moment variation
oxlpting on the elovator of a medium bomber at landing speed,
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provided the elevator hed 50 percent aerodynamic balance. The
linkages of the bench setup were basically the semo as shown
schemstically in figure 1. Asrodynomic demping was simulated in
some of the tests by abteching a viscous denper to the arm used

83 the control swrface. Maximm stick ¢isplacemento were set at

24% peck ana 21° forward, and the corrosponding control-surface
displacements were 24° up and 21° down., The sticl force existing
et maximm resrwerd stick displacement for a directly linked zystem
{no boost) heving the ebove values of Hg and stick-control surfuce

gaaring was about SO pounds, The maximumm control-surface velocity
wag set at 80° per second. :

RESULTS OF BENCH TESTS OF RBOOSTER SYSITH

Tegtg were mede wikth the syster setup to provide infinite
boogs ratio snd a boost ratio of thres. Tor beth hoost conditions
two lengths of the punp control arm were tried (1 inch =nd 2 inch).
The values cf the paremeters aj, ag, agz, Kj, and Kp for asch

configuretion ere prossnted in the following tables

]
Control-arm - 8 a
Configuration length "1 3 K | K |
{in.) (deg) | (&og) | (des) (sec)
A 2 2 ZL 1—?— 1 |3 |o.o0L
1 5
B 1 5 %?- z 1013 ,010
L 1
C 2 25 O 25 1 @ Nokak
1 1
P s g o W oty e | .06

The letbers sssisnod to speclilc comfigurations listed in the
above teble will be uged to deslgnate these confimuraticns in the
gisrusgeion of the testes. The value of the maxiinm time lag 4y

ligted in the tsble were obtalncd through use of tho theorotical
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relation previously presented with Ecm = 80° per second, It mey
be noted that for s given boost ratlo ty, 1s directly proportional
o the length of the pump control arm,

During the tests records of control-zurface position, stick
position, pump control-arm position and stick force were obteined
through use of standard NACA recording instriments.

Figurs &t prosents records for the configurations with a boost
ratio of three made dwring random movemenits of the control stick.
The time lag between motlon of the control stick and control surface
is difficult to detect visually. A4ctually a small zmcunt of time
lag did exisht and, in accordance with theoroticael computations, this
lag for configuration A (2 inch arm) w:s about twlce that for con-
figuration B (1 inch erm). The etick-force variations for both
configurations were in phase with the control mctions, and the
accuracy with which the desired boost ratic wes obtained was
exceptionally good as mey be sean by comparing the stick force atb
meximum resrwsrd stick displscements on the Figmre with the velue
of 90 pounds for the gystem wlth no boosk. The sherp pezks in
stick force which occasionslly occur at meximum stick displacements
resultcd from the stick hitting its stops znd ars not to be confused
rith the forces transmitted through the system.

In figure 5 two simlilor eets of records are presented for con-
Tiguwration A only, one with the ususl value of Hg of 8 foob-pounds

per degres and one wilth this value reduced by one-third. It may
be noted that thils reduction was sccuratoly represenbed by a corre-
sponding reducticn in the stick forces.

Records Tfor the configuretions with infinite boost made during
rendom motions of the control stick are prasenbed in fizure 6. Again
an would be expected fram theoreticzl considerstions the lag for
configuration C (2 inch arm) was about twice thet for configuration D
(1 inch arm) elthough in either case the lag is difficult to detect
visuzlly., The stick forces show little variastion resulting from
motion of the stick (2bout +4 pounds). Ths slizht variations present
wvere chiefly due to Inertia of the stick and linkages.

Recorde of conbtrol motions following relezasc of the atick from
full rearvard displacemcnt asre shovn in figure T for the configuration
with boost ratio 3. Oscillations of the systan resulied with the
stick free for both configwrations A and B. TFor configuration A
(2 inch arm) these oscilletions showed no tendency to darp with a
value‘of Hg of 8 foot-pounds per dogrec. A slight damping tondency

can be noted for configuration B (1 inch ayrm) and also configuration A
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with Hg reduced by ono-third. Thoso oscillations resulted from

a gsmwall lag in tho operation of the servovalve that displacos the
cylinder block of the pump, This lag cambinod the effccts of control
hings moment, inertia of the stick and linkezes, end the zoro-
contering tendency of the pump control aria to produce the insta-
bility. Bocause ‘the gearing from the pump control arm for con-
figuretion B was hisher than for configuration A, the magnitude of
this lag wes legs, whilch accounts for the supcrior damping of tho
configuration. The stick free oscillations did not occur for the
confipuretions with infinite boost ratio becnuso the sbick wasz
indifferent to dleplacemont and had no centering tondoncy.

Since the displacement of the pump contrel erm is proportlonal
to tho voloclty of the control suwrfacs it vas Lolt That adequate
demping could be applicd to the stick-froe osclllations by egquipping
tho pwmp conbtrol arm with light contering springs. This modification
is shown in the photograph in fisuroe 8. Throo spring stiffnesses
were trisd with valucs of epplied stick force por unit control
gurface velocity of 0.03, 0.0k, and 0,10 pounds por dogrce per gcecond
when installod on confipuration A. Thesec values wore rcduced by
one~half for instelletion of thoe sarmo springs on configuration B.

Reocorde of gtick releases for configuration A equlpped with
theds springs sre prosented in figure G, A lerze emount of darplng
weg appliod to the ocscilletions for all wvaluss of apring etiffnecss,
The amownt of demping incroascd with increasing spring stiffness
until only & very slight overshoot exdsted wvhen tue system wes
cquippod with tho heeviest springs. 3tlck-force verictions during
random motions of the stick for configtration A with tho heovicsot
centering springe are shown in figuro 10. Tho sbtick force in phase
with the control-surface veloclty epplied by tho eprings was so
emnll that the total sbtick-forcoe varlatlions were little affeccted.
Tho springs produced similer results for conflguration B althoush
they weoro somowhet lese sffectlive than for configuration A,

Al1]. the teots dlscussed preoviously wore modc with no dumping
on the control surface, Similar tests wore made with sufficiont
viscous damping on the cortrol surface to simulate the aocrcdynsmic
damping vwhich exiets in flight. Figure 11 shows the free motlons
of tho directly linked systom (no booet) without apvlicd darping
and with sufficient damping to cause the oscillatlcn to damp to
half amplitude In less than half & cyclo. This timo to damp to half
amplitude roprogents u condition which uwsuelly existo at high spoeds
cn the eluvator of a flghtor-type aslrrlane us indlcatod by flight
records. DProforably controls should deadbect on release from a
dcilected positlon. Recorde of motions following reloasc of tho
sbick erv shown in filguro 12 for tho coufigurations with a toost
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ratio of three and with damping on the conbrol swrfece. Tests were
made without control-erm springs and with the heaviest control-mym
springs. For configuration A, without control-axm springs, the
oscillaticn remeined wndamped bubt its smplitude wms mevrkedly reduced.
Under the sams condltlons, consldersble dampling wes applied to the
stick-free motion for conflgmration B. When the control arm was
equipped with the heaviest springs the stick-frese motion for con-
figoration A was deadbeet, the idesal cordition for a control surface.
The springs were less effective for configuration B as the damped
oscillation still existed even with the heaviest springs. Because
the lengik of the pump conftrol sxm for confisuration B was one-hslf
that for configmration A, only one-half the dzmplng force was applied
by the springs &t a2 given conftrol-suwrface welocity.

Figure 13 shows the stick-force variations during randam motions
of the control stick for configuratlion A, with the heaviest control-
arm springs and with viscous damming on the combrol surface. As
the control-surfsce demping was small, it hzad little offect on the
gtick-force verintions,

" Further tests were made on configurztion A with viscous damping
epplied to the control stick, without control-surface damping and
wlthout control-arm springs to determine vhother the springs or
stick darmping would more effectively prevent the stick-free
oscillations. Two megnitudes of stick damping wore tried, one with
ebout the seme stick-force corponent in phase with the stick velocity
(epproximately equael to the control-surfeco velocity) as the heaviest
control-arm springs cnd cne with ebout twice this smount. Figure 1
presente stlck relessea for the sbove conditions. The relative
- offectivencss of the stick demping and tho springs may be seen by
comparing theso records with tho corregponding records in figure 9.
The stick dzmper dld apply considereble dsrping to the osecillations,
but for both magnitudes tested, the tendency of the control to
ovorshoot was worse than for this configurstion with the hesviest
control-arm springs. Changing the magnitude of the stick damping
eppeared to have 1little effoct of this tondoncy to overshoot.

DESTGN CONSIDERATIONS

As pointed out in reforence 1, short period power dcmende on a
control booster may be very high compared to the average power input
ovor long poriods of time. Accordingly, reforonce 1 sugzosted that
the size of tho powor unit can be materially reduced provided an
energy storing accummlstor is used to take carc of the short period
power demends. With the present boostor system the maximim demand
for instenteneous power from the purp may be high compared %o the
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pover reguired wien the pump control arm is in neutrsl positicn., As
the prmp and electric mctor operate continuwously, a low-power
electric motor might be vsed if & swall high-epsed flyvheel is
incorporated In the system. High power demands may then be tepped
from the kinebtic energy stored in the flywheel which cun hLe replaced
at a slow rata by the olectric motor. For oxampnle, the work required
to fully deflect the allerons on & heavy bamber flying eb a speed

of 400 miles per howr at 20,000 feet wae computad to be 25 foot-
pounda. Wlth thig energy requiremsnt it is esslly sesn that the
power nocegsary for rapld control mobtions is exceedingly high.
Hewever, a small flywhoel represented by & 5 pound snnvlus 6 inches
in outside diameter and 1/2 inch taick., wvhich rotates at 7500 »pm,
would be capable of deflecting the silerons ot =sny rate up to the
neximm end suffer less than & 10 porcent losg in rpm.

Particularly on largs airplanss 1t ls dealradle to meke the
mechenical linkages from the pump control aim to the stick and to
the control surface es short snd rigzid eg possible. Ons method of
mainteining short linkages is to mount the entire booptor unit in
the vicinity of tho conbrol stick and actuste control cables ncer
tho stick rathor than the control swrface itself. In this casce,
the follow-up linkane shouwld bte run from the Iydérzulic cylinder
to the pump control srm rather then from the control surface. In
thie wmy tendencles for tite boosber systom to oscillate or overshoot
cen be eliminated and the following of the control swface should
be =8 gocd 28 In a dircctly linked system. Thils srrangument, however,
has the dissdvantage of requ'ring a hoavicr control systom since tho
long cable sysbem to the control surface must lLeve & high load
cerrying cepaclity. Short linkages may also be obtained on lar:cc
sirplancs by mounting the booster unilt ncer the control surfacs
and vs'ng a smasll but vory accurete clectrical servolink beiwssn
the stlck and tho pump control srm. Ae vet, no tosts have beon
made of such an arrsngemont.

Use of Infinite boost ratlo and mechanically applied control
feel would appear promlsing for very lerge sirplancs. In this
wey, high friction and inertla forces could bo clindinsted snd the
gtlck-foree variations could be adJustcd to the astisfaction of tho
pllot, regurdloss of the serodynsmic loads on conbtrol surfoce. This
grrangoment would also appear promising for uso on sirplance deeigned
to operate in the transonic end supersonic spood ranges whore lerec
and unprodicteble verictione in control-surfeco hingo moment ere
likely to exist.
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CONCITDING REMARKS

. The resulia of ths thecreticsl snalysis snd of Dbench tests of

the investligated boostir system indicabe +that the booster should
be satlsfactory for uss in powering alrcraeft control surfeces, A
constent ammlitude oscillation which existed in ths basic booster
syster with the sticlk free was corpletely sliminated by installing
1ight centering springs cn the pump control arm. With these
centering springs installed sufficient danping wes epplied Lo the
stick free motions of the system to cause the cornitrol suriace to
deadbeat when relessed from a deflected posliihion. At no time
dering the bench tezts was lag ir the systen detechsble Lo the
operator, and the sensitivity of the systom to small stick motions
wes exceptionelly good. ¥For all configuratliorns of the basic booster
aystem the variation of stick forces witk conbrol-surface displace-
nent was considered satisfachtory.

Since actual flight ccnditions camnot bo simulated perfectly
by ground tests, it will be desirable to confuct a flisht investige-
tion of this booster asystem. Such a flight investimtion would
determine vhether the basic princinls of this systocm is setisfactory
fcr the proposed epplication, and would sid In formidating speclfic
requirements for contrcl hoosters in gensral,

Langley Momorial Aeronzubical Laboratory
Hationel Advisory Cormittee for Asronsuvtbics
Langley Field, Va.
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Figure 2.~ Theoretically derived response of the control
surface to given motions of the control stick for a
typical design configuration of the control-booster
system.
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Figure 4.~ Records taken during bench tests of control-booster
system showing time histories of surface position, stick .
position, and stick force during random motions of the control
stick, boost ratio = 3, Hg = 8 foot~pounds per degree,

STICK FOSITION, DEEG
BACK

FORWARD

OEHOT "ON WY VOVN -

¥ "3




P

STICK FORCE, LB OSURFACE FOSITION DEG
FULL DOWN

Fi/SH

| 7 ]
=3
%‘\
' =
CONT ROL Py
S
- 0 Q\
=
-0 %éﬁ.
N RE
-20
i 3 E
0=
0-

FO0—m I-P -'r'-i-_;-"h- LRy ¥

&-w:.r:!—’igf—":—ﬁ. R _.___._;-:_._ﬁﬁgrfi‘:_ . .- ———v
He=x & FT-LE FER DFG Hs 253 FT-LB_PER DEG

NATIONAL ADVISORY
COMMITTEE FOR AERONAUTICS

Figure 5.- Records taken during bench teste of control-booster system
showing time histcries of surface poeltion, etleck position, and stick
force during random motione of the control stlek, configuration A.
boost ratio = 3.
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Flgure 6.- Recorde taken during bench tests of control-booster system
showing time histories of surface positlion, stick position, and stick
force during random motions of the control stick, boost ratio o

Hg = B8 foot~pounds per degree.

OEHOT "ON WY VOVN

9 *31q




W

N\ 2 X
2 > W s’ L a <
< é.cn
S S

3 S
@ :
< ~
NS S
€3 S
e % 20~ TIME, SK¢ E

CONFIGURATION A CONFIGURATION A CONFIRURATION B
(He=8 FTLB FERDFG) (Hssy FT-LB FER DEG) (Hg# 8 FT-LB FER DEG)

NATIONAL ADVISORY
COMMITTEE FOR AERONAUTICS

Figure 7.~ Records taken during bench tests of control-booster system
showing time histories of surface position. and stick posltion following
release of the control stick from full back deflection, boost ratio = 3.
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per degree,
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Figure 10.- Records taken during bench tests of control-
booster system showing time histories of surface posi~
tion, stick position, and stick force during random
motions of the control stick, configuration A, heaviest
centering-springs on pump control-arm, boost ratio 3,
Hg = 8 foot-pounds per degree.
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Figure 11.~ Recorde taken during bench tests of conirol-booster system
showing free motions of control surface and control stick with and
without vigcous damping applied to the control surface, control stick

and control surface directly linked (booster disconnected),
Hs = 8 foot-pounds per degree.
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Figure 12.- Records taken during bench tests of control-booster system
showing time histories of surface position and stlck position fol-
lowing releage of the stick from full back deflectlon, viscous
damping applied to conirol surface, boost ratlo 3, H; = 8 foot-

pounds per degree. .
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Figure 13.- Records taken during bench tests of control-
booster system showing time histories of surface posi-
tion, stick position, and stick force during random
motions of the control stick, configuration A, heaviest
centering-springs on pump control-arm, viscous damping
arplied to control surface, boost ratio 3, Hg = 8 foot-
pounds per degree.
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Figure 14.- Recorde taken during bench tests of control-booster Byatem
showing time histories of surface position and stick position fol-
lowing release of the control stick from full back deflection, config-
uration A, viscous damping applied to control stick, no centering
springs on pump control arm, boost ratio 3, Hg = 8 foot-pounds per
degree.
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