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“$his volume was written by and foxr engine-vs and acientisis who are
concerped with the analysis and syntheals of plloted aircreft flight
contrcl systems, The Bureau of Acronautics wudsritook the sponsoraship of
this project when it becams appareni thad rany significant advances were
being sade in this extremely technical field and ihat the presentation
and dissexination of information concerning such advances would be of
benefit to the Services, to ths airframe companies, and to the individ-
uals concerned.

A contract for collecting, codifying, md presenting this scattered
matarial wis awarded to Northrop Aircraft, Inc., and the present basie
volume represents the results of these efforts.

The need for such a volume as this is obvious to those working im
the fleld, It is equally apparunt that the rapid changes and refine~
ments in the techniques used make it essemtial that new material be
added as it becomen avallabls. The best way of maintsining and improving
the useiilness of this volume is therefors bty frequent revisioms to keep
1t as coxplsts and as up-to-date as posaible,

For these reasmns, the Burean of Aeronautics sclicits suggestions
for revisions and additions from those whc make use of the volume. Im
same cases, these suggestions uight be simply that the worduing of a
paragraph be cknged for clarification; in other casesg, whole sections
outlining new tsckniques might he salmitted,
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Bach suggestion will be aclén;wledged and will receive careful study.
For thoss which are approved, revision peges will be prepared and dis-
tributed, Each of these will contain nctaticns as nsceassary to give full
credit L5 tho person enA organization responsibla.
This cooperation on the part of the readers of this volume is vital,
Suggestione forwarded to the Chief, Bureau of Asronmutics (Attention

AE-612), Washington 25, Ds ., will be most welcoms.

L. M. Chattler

Head, Actuating & Flight Controls Systeas Sectiom
Airborne Equipment Division

Burean of Asronautics

n
I
s, @ g;ﬁ‘":
AT s TIAY
n ‘Q-"'.,..- 1.-!&!.,}- L. | . SR e';-.;“x.? -
Y RGeS

)

RN o e W o yor o N e g
v M waarsi o, g s oy 3 e w o "




o ST Kime v an o A VO RISl FTRG RLL I 2 20 Gome -

e e s e rariar 4 Al

TR e T T m—— L

g,
3
¥1

- el A

.

3
E
E
£
E
;
k

o

- mn

EQPWMW’?‘Qﬁg
Seruad broimbia v voude

PEPME

This volume has been written wder Bniew Contract M0zs 51-514{c) to
present to those concerned with the problems of designing intezrated air-
craft controls zystems certain information regarding the artificial fesl
system,

The purpoases of this volume are to present the fuadamerial concepts
underlying the deaige of artificial feel systens and to present a method
of accomplishing this design so that the complets plloted aireraft sys-
tem will moet cortain specified requirements. Several besically new idess
bhave beens inclnded in this presentation,

The forempst of these is the inclusion of the human pilot in the
analysis of the complete system, The validity of this procedays is based
on the fact that the husan pilot is an integral and essentlal pari of any
plloted adrcraft -ystem and that his opinion usually determines the
accoptability of an airplane.

A second new concept presentsd is the re-definition of ®"the arti-
ficial feel systen.” Ia this volmme, the artificial feel systiem inclndes
not only the commonly accepted artificial forcs producing dawices, sach
as bobweights, g-bellows, and centering springs, but also some subsystess,
such as motion stability augmenters and autopilots. These ssbeystems
mast be inclnded in the definition because they alter the stat®c and
dynamic stability, and hence the handling qualities and feel charecter-
istics, of mn airplame. )

Special mention should be made of the following peopls for their
balp and cooparation: F. B. Bacus for coordinating the preparation and
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publication of the volume, R. E. Geskill for his work in transcribing
the equations, ard Shirley M. Keys and Dorothy L. Brerick for typing the

manuscript.
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IRTROIRCTION

" A modern high-speed, high-performance, niloted aireraft mnst be considered
88 & system when tho probless of flight path control and stability s-e dis-
cussed, memmo:mmmmtmmmmymumm
ized if the airframe motion is imagined as the motion of a velocity wector
naving both magnitude and direction,

Stability is determined by how well the airframe resists changes in the
magnitude and direction of the velocity vector. On the other hand, control is
a finction of how well the velocity vector may be altered. In chort, flight
path stability is associated with the sase with which a pilot flies in airplane
steadily, and flight path control is linked with the ease and precision with
which a pflo; mmeuvers ihe airplane.

The controlled elament in the pilot-airframe system is the baaic airframe.
Once ths configuration of the basic alrframs is determined, its characteristics
are malterable, The problem then is to dasign the camtrolling elmeuts '
that they sct on the controlled element to give the dosired systom response,

These controlling elemsits are the hummn pilst snd the sirfreme artifi-
cial feel system, The laman pilot acts both as a sensing and an actwating
element, Although the dynamic charactaristics of pllots vary, the systess
designar camot vary these characteristics sl his own discretion, The pllot
thsrefure is an malterabls controlling slement as far asz the dexigner is
concernsd,

The other slement in the pllov-zirframo system is the artificial feel
qvtu@ichhdcﬁmdntboemmmmormmtmmchdngaym
sod the motion stability sugmwmting systeme '
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The need for developing the artificia’ feel system can be traced directly
to ever~increasing cpeeds and performance of aircraft, Few insurmountable
froblems of dynanic stability and conirol were encountered in the low-speed
alrplanes of a few decades ago, Any problems that did exist wers solved Yy
changing the basic airframe configurations.

As the speed rangs was extended, the designers began to resort to the uss
of spring tabs, horn balances, sst-back control surfaces, and other asrodynaaic
devices, However, the effects of these modifications diminished at higher
spoeds as the dynamic pressures increased and the conters of pressure of the
control surfaces moved aft. To enable the pilot %o overcome the higher aero-
dmanic forces, it became necessary to use partially and fully-powered control
surfaces.

With powered controls, part or all eof ths control feel to the pilot is
lost unless artificial force producers are usod., Since pilots normslly fly bty
the physical association of applied forcs and maneuvering responss, the need
for force producers at the cockpit controls became critical and brought about
the development of force stability augmeniing systems, -

The force stability augmenter has three basic purposes, First, it must
provide the pilot with the proper pressure cues to allow near cptimm flight
path control, Second, it must aid in reducing the possibility of inadvertent
destruction of the airplane. And third, the control surface mtions produced
by the force producer under hands-off flight conditions must resmlt in satis-
factory dynaeic airplane stability.

The device used to aid in satisfying this third requirerent is the motion
stability augnenter, which may be defined as a system which mtomstically pro-
duces control surface movements that tend to increase the dynaxic stability of
the airplane. The airframe alons is not always attituds stablo; that is, the

12 CEACEETIAL

0T I il sl Y

=

e wne  mm =

e 4 Yo &

‘o

il dtibdln Lo L.

Y aiaa»

L S RN
. . TR

)

L[]
Ce lesad ! PESPRIRRYT V-V T 1]




PR N Y

~

e r e PP gt BA P W 0

£ LRI

L
SRRSO N 2 T,

3 amime s rmg

U 0 . PR PRI R S NN oy

' GELFIBRNTIAL

airfrans motion may exhibit diverging or undemped oscillations or diverging
exponentials., The pilicl can prevent this type of =otlon by continually Jock-
eying the cockpit controls. Obviously, this procedure will distract the pillotts
attention from his other tasks and lower his efficiency,

The airplane may be stabilized by employing outboard or inboard stabil-
isation. Outboard stabilization is a method by which the basic airframe con-
figuration is altered, e.g., by changing wing dihedral or stabilizer surface
areas. This method is objectionable because it may possibly lead to loss of
control and increased drag effects or becsuss it may be incompatible with the
alrplae performance requirements,

When inboard stabllisation is used, various airframe motions are detected
by sppropriate sensors, The signals from these sensors are used to actuate
motors or hydranlic servos which automatically deflect the control surfaces to
counteract any undesirable airframe moti.ns. By the prudent choice of sensors
and actustors, the airframe can be made highly stahle without loss of control,

The artificial feel system is relatively alterchle, especially when fully-
powered, irreversible controls are ussd, Thus the control system designer is
faced with the tatk of achieving the dssired complete pilot-airframe system
responge by a ;rudent design of the artificial feel system.

Chapler II of this volume is presented to familiarize the reader with the
artificial feel problem. The factors that influence feel and the manner in
which thsy affect the system responss ars discussed, In addition, preaent
methods for supplying artificial feel iv the pilot are briefly discussed.

Chapter III is devoted to the presmntation of en snalytical procedure for
designing artificial feel systens to mest the piloteC salrcraft specifications
samarised in Chapter IV,

An appendix presents the derivation of the sugmented coefficients of the
longitudinal characteristic equation of Chapter IIX,
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THE CONTEOL FEEL PROBLEM
SECTION 1 - INTRODUCTION

Because the concept of control feel has been gredually developed from
¢pinions expressed by large mumbers of pilots flying many types of aircraft,
it is understandeble that this concept is somewhat nebulous. This is espeo-
ially true at present, for many of the old and established measuring sticks of
desirable control feel and airplans stability appear to be loaing significance

for tnday's high-speed alrcraft,

Ons of the first questions that arise in dealing with the control feel
problem is a definition of the term "control feel.Z? Consider the block diagrem
of the pllot-equivalent airframe system, shown in Figure II-1. The equivalent
airframs includes the basic airframe plus any artificial feel system. Using
this block diagranm as a basis, control feel can be expressed as the retio of
the oqnivdmtdr&mua}mnhﬂnﬂ.ht'ofmim.

Desired Pllot's
Respon Force
el Pilot [———

Equivalent Response
Alrframe

Figure II-1. Pilot-Equivalent Airframe System

Referring to Figure II-1, it is seen that control feel criteria expressed

in this manner are apparently concerned with the equivalent airframe block enly,

snd do not take into account the closed loop pdlot-equivalent sirfrsms system.
Actually, however, desirable mumerical values given in conjunction with theee
control feel criteris ars normally oitained from a pilot-aireraft combination
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and will therefore be sppiicable to the closed loop pilot-equivalent airframe

s e o
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system. Yor this reason, control feel critsria in this wolume will be concerned

[

only with applisd forces and associated responses, but will implicitly inwolve
the banen pilot.

Ons shortcoming of this particular concept of control feel criteria is -
that no conaiderstion is given to the deflection of the cockpit controls. In .

other words, it is assumed that the pilot flies by force feel only. Although
it is recognized that the amount of deflsction of a control is certainly a face
tor in the control feel problem, *here has been insufficient correlation of data
to evaluate the ixportance of this factor at the present time.

VYarious specific criteria for evaluating control feel have been proposed

through the years, The wost consistently named of these criteria, reflecting
the majority of pilots' opinions, have been compiled into the flying qualities
specifications pubiished by the Navy Burean of Aeronsutics, the Air Forces, and ;")
ths Civil Aeronmutics Aduinistration. Because these criteria have evolved from
a large amount of flying experience, they huve a fairly sound basis and should
not be mnderreted, On the other hand, because the equivalont airframe block is

ean vt i At 4 SRS > TP P ISV B R

-

3 alwvays in a process of rapid evolution, the criteria for good control feel are

subjected to frequent modifications. In fact, because of the recent accelerated
dsvelopment of the high-speed jet airplane with its associatsd systems — power
i control systems, artificial feel devices, and electrunic stability augmenters -~
1t appears that the entire concept of control feel and its various criteris will .
wdergo radical chenges.
Before stteapting to evaluate the concept of control feel, it is important
as background msterial tc be faxiliar with the general criteria md fundssental
aspects which have already been established from flying experimce. Secticn 2,
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therefors, gives a qualitative discussion of these fundamental aspects, which
My be described as what the pllot wants for deairabls feel charecteristics,

Pllot's
Force

- ] Control
s\xrtapo
L+ Fo-ce-Control Deflection Basic Reaponse
Spring Gradient - ) , *
l Stany
| Stability e
Angnenter
Force
Stability je—
I Angnenter ‘
L __J—Toree Producing Systen

Pigure II-2. Iquivalent Airframe Block Breakdowm

In Sections 3 and 4, the equivalent airfraze block of Figure II-1 is bteckem

down intc its component blocks (see Figure II-2), md these are discussed sep-
srately. A genersl discussiom of the basic airframe block is given in Sectiom

3 along wvith the varices factors that affect the basic airframs resmonse to cone
trol surface deflections. It is shown how the wide variation of the response
cmthtﬂig‘xtnglnotmdrphmermm-nj;uvctthmm

problems. In Sectiou 4, some of the more comaon elenents in present-day force
" producing systems are discussed. The motion stability asgmenter block is trested

in detail in Sections 2 end 4 of Chapter IIX,
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SECTION 2 - FUNDAMENTAL ASPECTS (j
As stated before, control fesl qualities are measured by the respouse of

Section 2

ths airplane to the pilot!s control input. Nearly all pllots agree that the
fundamental input parameter is forcs, and that they are not particularly con-
L cwoned with the distance through which the force is moved, However, thare have

occurred recent instances where the control deflections have rroved important. -

. ey

More will be said about this later when longitudinal control feel is discussed,
When the pilot applies a force input, he expects the alrplane to respond
in a certa . way. The desired response of the airplane is usually a steady
state maneuver. For a constant spplied elevator stick force the pilot expecid
8 steaqy state normal acceleration response; for a constant applied ailerca
stick force he exy/sts a steady stats rolling velocity response; and for a cone
stant applied rudder pedal force he expects a steady state sideslip angle
: response. ‘ {)
Furthermore, the pilot would 1like all thoge respective inputs and associated

responses to act independently of each other; i.e., there should he no cross-
coupling effects., For example, when he applies aileron control, he wants a roll-
ing response with no sideslip. In tuming maneuvers, the application of ajileron
} and elevator controls only, which would be desirable from a pilot's viewpoint,

! will usually result in an uncoordinated turn if the inherent coupling between

.

the rolling and sideslipping motions 0f the basic airframe is not eliminated,
Although it is difficult to eliminate cross-coupling effects by asrodynamic .
means alone, these effscts can be minimized by using automatic stability augmen-
tation,

On the other hand, the pilot 1ixes a certain degree of correlaticn swong
longitudinal, latersl, and tirecticnal control feels, PFor example, if tie
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elevater eontrol forces are high, then the pilol wants the ailsron contro) forces
high. Very 1ittle work has been dcne tovard the establishment of criteria to
describe this *balance® of control feel,

{(a) IONGITUDINAL CCNTZOL FEXL

longitudinal control feel is usuatiy treated as if it coanzisted of 4w
typess the feel necessary for straight and level equilibrium flight and the
feel necessary for maneuvering flight. Although these are often considered sep-
arately in design work, mainly because of tn: individual design criteria which
have been established for each, it should be ecchasized that it is the integrated
eoffect which produces the longitudinal control characteristics falt by the pilot.
In other wrds, the border line between thess two types of longitudinal control
foel is not well defined, Neverthelsss, for analysis and discussion purposee,
it is still convexient to consider the equilibrira flight and the mansuvering
flight types separately. -

in addiiion, longi .2inal maneuvering flight may be divided into two types:
steady state type maneuvers in which the valus of normal acceleration is differ-
ent from 1 g but oncs estatiished remains essentially constant with time during
the mmneuver, such as in ordinary turns and dive recoveiy pull-outs; and tren-
sisnt type maneuvers in which the normal accelerstion never veaches a steedy
state valus, such as in abrupt pull-ups from level flight, sod responses te
pulse-type elevator inputs,

Although the various time-proved criteris which have been established for
the steady state type mmenvers can bs discussed with a oertain degree of com-
pletensss and sssurence, adequats criteria for the transient typs mensuvers
have not besn established. Becanse of the increasing imporiamce of the tran-
sisnt type maneuver for high-epeed aireraft, more sttention shexld be devoted
to 18,
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Yor the puorposes of this volume, then, thers are three fundamental aspects ‘\
and associated criteria of lonzitudinal control fesl: (1) control feel which

.
:
)
3
i
,

invoives a changs in spsed from an original equilibrium speed and which io given

prinarily by she gradient of stick force per change in forward spssd, dE AV ;3

(2) centrol fesl which involves steady state normal acceleration and which is

given by the ratio of stick force per change in norusl acceleration, AL /An ; .

and (3) control feel which involves transient normal accelerations and for

vhich no definite criteria have evolved as yet, *
CHAMGE FROM EQUILIBRIUM SPEED
When the forward speed of an airplans changes from an equilibrium speed,

the pllot expects an lcccmm change in elevator stick force. A typical

plot of elevator stick force versus equilibrium speed is shown in Figure II-3,

N8 3+

i

Bach point along this curve represents the stick force necessary to change the {
airplane's equilibriun flight condition, assuming the stick force was trimmed ~ ()
(/£=0) at the original equilibrium speed, Notice that to increass the speed ‘

of the airplane, the pilot mus. exort a purh force on the stick, md to decrease

the speod, he must exert & puli force. The slope of this curve, df /dV o

df /dM , is very important as a coutrol fesl peramster because it gives the

Pllot mn indication of the static stability of the airframe. If the airplane

ety TN SIS S e L L kst b o ey

is disturbed 25 that the speed 15 chenged from the stick force trim speed, but
the stick is left free, the push or pull forces to maintain the new cpeed are
} of course not spplied, and if the stick force gradient is in a stable direction, .
! the tendency to regain the trim speed results automatically. For this reason,
the gradient of stick force versus speed is a measure of tho so~called stick-

fres siatic stebility of the airfreme. A negative slops, such as that showm in

Figure II-3, indicates a condition of stick~free static stability, and conversaly,
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§, a positive slope indicates stick-free static instadbility, @ .
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Pull (+)

\ \/—Stick Force Trim Speed

Yorf -—o

Elevator Stick Force, iy

Push (»)

Pigure II-3, Xevator Stick Force versus Equilibrium Speed

In general, a large negative valwes of d /dV 1s desirsbie. A4 large gradient
w1l tend to keep the airplane flying st constant spesd, and is therefore espe-
clally belpful during gusty westher conditions, It will enable the pilot to
trim the airplane easily and to maintain his desired trim speed with a minimm
of effort, It also provides stall warning for low-speed flight, On the other
nd, too large s gradieat is wadesirable for cosbst mawuvering becsuse the
wvariations in speed from an original force trim speed can becoms guite large,
producing high stick forces which induce pilot fatigue. Also, vhen trimmed in
a landing approach, too large a gradimt may produce axcesslvely high stick
forces during the lsnding flare-cut,

An important ccausideration in the longitudinal feel prohlem is the magni-
tude of the friction forces in the control system, These forces must be as
small as possible 50 that the feel is not completely masked. Figure II-4 indi-
osates the typiesl hystercsis Joop cansed by control systéem friction when the
equilidrize speed of m airplane is first incressed and then reduced from the

original equilibrimm speed by the pilot,
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Pull Assumed Stick Force { )
Trinm Point
4 1d

; oI5 1 ——
; ) V{aiph)
; K
i .
x; _'L * : é
! AId H.

Push -

Figure IT-4, Effect of Control Systea Friction on Elevator
Stick Force versus Equilibrima Speed

For this case, the assumed friction force band of / pounds causes a "dead-
band® of V of the order of 30 mph. This means that if the pilot has trimmed

. et s vt

b vt ——

the stick forces for a particular equilibrium speed, it is possible for the )
speed to change 30 mph befare any elevator stick forece signifying this change
is felt by the pilot,

These considerations concerning a desirable gredient, d£ /dV , show that
what pilots really need is a nonlinear gradient: a high gradient around the
trim speed to alleviate the friction problem and to provide good feel, and & f
mmall gradient at speeds on either aside of the irim speed to prevent excessively
high stick forces for masneuvering and landing, and possibly another high gradiemt
at speeds much lower than trim speed to reduce the possibility of a stall, as .
shown in Figure II-5.

Push \/- Stick Force Trim Speed
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¢
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Pull
s Pigure II-5, Desirable Nonlinear Characteristics of Elevator
: Stick Force wversus Equilibrium Speed
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D Another important-aspect ot{ longitndinal feel prcblem which is often
= taken for grantsd is that a caange in elevator stick positicn always accompa~
nise 2 change in elevator stick force as the forward speod is changad from an
origina) equilibrivm speed. In other words, it is aseumed that a forvard stick
dsflaction is associated with a push force, and an aft stick dsflection is
assocliated with a_pun force. The effects of stick deflection omn the pilot's

opinion of longitudinal feel are not known exactly at present and should be _
. investigated, A
SYEADY STATE MANEUVIRS
In addition b0 the longitudinal fesl required for straight and level equi-
1ibrinm flight, it has been found by experience that longitudinal feel is very "'
isportant in steady state asneuvering flight where stabilized values of normal
accelerstions different from 1 g ave imvolved. &
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The two most commm instances of this type of maneuvering flight are ordi-
@ . nary tarmns and dive recovery pull-outs. For these maneuvers, a more or less
constant valns of norwal acceleration is maintained, and for this reason, feel
criteria in longitudinal maneuvering flight -in the past have been based cn thees
steady state valnes of normal acceleration as the indepencunt variablee.

Figure IX-6 gives a typical plot of elevator stick force versus steady
state normal acceleration. The slops of this curve is the gradient of stick
force per g. This gradient has been found to be closely related to the pilot's
opinion of the maneuvering stability of an airpliane,

In Figure II-5, notice tha a pull force is required on the stick to pro-
duce s positive increase in mormal acceleration, This /s a stable stick force
per g gradient, and-the airplane is said to possess stick-fres maneuvering sta-
bility because 1if the pilot does not apply the necessary force to maintain the
0 normal accelarstion increment, the stick tends to move in a direction which

CoICZITIAL 19
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Section 2

causes the airplane to return to 2l g flight conditiur, It can be seen that a
stadble gradisnt is highly dasirable for flight in gusty weather.

Pull
%)

0 2 ! b 7 An (g'2)——n
o 2 & 6 2 g —=

Pigure II-6. Elevator Stick Porce versus Normal Actelerstion
in Steady State Maneuvers

It is very important not only to provide a stadls stick force per g gradi-
ent but also to kesp this gradient within certain desirable limits, Stick force
per g gradients that are too high will make the airplane feel sluggish and will
reduce the combat effectiveness of the pllot-airplans combination, Oradients
that are too low will make the airplane seem too sensitive, and will induce
excessive pilot fatigue in gusty weather flights since the pilot will have te
"f1y* the airplane contimously. In addition, low gradients provide insaffi-
clent warning to the pilot thot structural limits are being approsched during
saneuvering flight,

Por steady state type longliudinal mansuvers, it is apparent that what the
puaadzamu'lmnlimum&hmmgpﬁmt;thath,sctnppnﬂ_—
mtml;tomﬂbthomesmmsitiﬁtymmmm..
8 low gradient for the interwndiste g rangs to peevent pllot fotizme in combat
mmmmnmmhmmgmhmup
quate strustural limitaiion warning ss shown in Pigure II-7, :
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@ Pigure II~7. Desired Elsvater Siick Force versus Normal.
Acceleration in Steady Stats Hanexvers

TRANSIENT MANEUVERS
Longitudinal control feel in trinsient maneuvers was aever considered

very iportant in the past except for 8 few isclated cases of alrplanes which
dsvelopsd undesirable transient characteristics, ZToday, howsver, mainly due to
- high speed flight, various asrodynssic artifices and mechanical devices are
necessary to produce satisfectory stability and control. It has been fourd in
many cases that although ths stesdy stite maneuvering control feel charsctero
istice of an airplane msy satisfastscily meot the required design values, the
airpisme may exhibit unsztisfectory Zesl characteristics in transient mansuvers,
In mony of these cases the causcs of uneatisfectory transient feel are not
spparent, and flight test rscords bave mot helped in determining these causes.
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Figure II-8 compares typical time histories of au airframe with good traa-
slent foel characteristics and one with poor transisat fesd characteristica,
Notice that in the latter cass, the maximm valne of stick force is loss in the
abtrupt pull-up than in the slower pull.sp.

This can become important when considering structural limitations of an
airplane, In transient maneuvers the pilot reguires soms sort of feel indice-
tion which will tell him the magnitunde of the load factor which will ultimatsly
be attained in the transient. If there is insufficient warning i the feel
characteristics, the structural limit load factor of the airplane can easily
be exceeded by the pilot.

'F
by
Stiek ) }
Position | ¢ t‘
¢ t (s8c)— e t {sec) —

(a) Good Transient Fesl (b) Poor Transient Pesl
Pigure II-8, Control Feel in Transisnt Lougitudinal Nenewvers
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Nost of the difficulties 1llustrated in Figurs II-8 apparently ariss because

Section 2

too large a portion of the maneuvering stick forcs comes from a source — such as
a bobweight —which 1s in phase with the normal acceleration of the airplane,
Since there can bs an appreciable time lag in the normal accelerstion response
"‘-2“ abrupt stick input, the portion of the force feel in phase with the normal
acceleration can therefore lag the stick motion, thus creating poor feel charac-
teristies,

Another aspect of the transient feel problem which is often overlooked is
the anount of stick deflection required in rapid meneuvering. Experimental data
indicats that pilets expect a certain amount of stick deflection when exscuting
transient maneuvers, and that deflictions below a certain minimum valus are con- .
sidered unassirable, However, just what oriterion is to be used in establish-
ing this minimm stick deflection value is not lmowne

This leads to the problem of setting up suitable criteria for transient
fesl. Although there is no reason to question the validity of the criteriom
implied in the preceding discussion, i.e., the maximm stick force shuald be a
function of the rapidity of the maneuver, this criterion does not take into
account the amount of stick deflection. Hence, it would appear either that this
criterion should be extended to include stick deflection, or that additional
criteria may be necessary. Various proposals have been suggested which teke
into account the work or the power applied to the stick as functions of the
transient load factor responss attained. These proposals recognise siick dis-
placement and vate of displacement as factors in transient feel, but these cri-
teria are as yet untested,

(b) LAIZEAL CONTROL FEXL

' Lateral control feel is concorned with rolling motion such as that wesed in
perfaraing crdinsvy banked turns and certain combat maneuvers, In these lateral
mmeuvars, the pilot expects a certain stick force and an associsted rviling
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response vhen he displaces the control stick sidevays. Past experience has
indicated that this desired response 1s rolling velocity rather than roll ang'e;
more will be said about this later.

If a constant spplied aileron force is maintained, most zirplanes wili
attain a wore or less steady stats vaiue of rolling welocity, as showm in Fig-
ure II-9, Notice that the curve is nonlinear and thal disproportionately higher
stick forces are necessary to produce the larger rolling velocities. This is
undesirable bacauss the maximm available sideways force input from the pilot
is quite limited. In fact, this is the main reascn for using a sheel typs con-
trol colmmn in large aircraft, However, wheal omtrols are not very satiafao~
tory for fighter type aireraft because of space limitations, [t then appears
that a nonlinear variation of aileron force versus stsady state rolling velocity
is desirebls, but that the variation should be similar to that shown in Figure
II-10, Here, the force gralient is high around neutral to provide adequste
fesl charscteristics including sufficient centering tendsuciss to overcome con-
trol systam friction. The gradient is kept low in the regica of kigh rolling
rates 20 that the forces required to mmenver do not exceed the pilot's capabile
itien,

It should be pointed out that the criterion for lateral response is not
usually expressed iu terms of pure rolling velocity, but in terms of a mon-
dimensional rolling velocity, p4/2V, which can be thought of as the wing tip
helix angle, 1.0., the flight path angle through which the tip of the wing moves
during a steady state rolling motion, This non-dimensionsl rolling welosity is
Mbocnntbmﬂiagmehmtarhﬁenefﬁrplmv_smw:a
more direct function of this helix angle thm of pure rolling welocity.

In tho past, the lateral feel criterion has been basei an & mximwm velne
of &lleron force required to sttain the msxtwm available xing tip nelix angle.
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Figure II-9, Typical Aileron Stick Force versus
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For the purpose of this volume, this criterion can essentially be given in terms
of £ /(ph/2V) , sbich inplies & certoln proportionality between applied aileron
force and associsted steady state rolling response,

Recently, it has been shown that the rolling response parareter, pb, 2V ,
which is based on steady state rolling velocity, is not eniirely satisfactory for
sodern high-speed aircraft. One reason is that smaller aircraft of low aspect-
r&hmmmm:mmnmninguloeityinmmﬁd
mmeuvere Another reason is that the non-dimensional wing tip helix parameter,
pb/2V , apparently loses mch of its significance as a design paramster vhen
a modern high-speed airplane is considered because this parameter is based on
the assowption that the rolling velocity, p , is directly proportional to the
true airspeed, ¥ 4 This assuxption is an oversimplification which is essentially
correct only for relatively low subsonic Mach mumbers and for rigid airplanes.
This is explained in greater dstail in Section 3(b).

Por the reasms given abowve, it is likely that new lateral response crie
teria will not be based on rolling velocity, but on time required to sttain a
certain rall angle. With this new ™lling response criterion it is not clear
what the basis for ailerau stick force feel criteria should be. Until the new
criteris can be estallished, it is recommendsd that £ /pb/2V) be used, but
modified to the extent that the belix angle response, p5/2V, should not be con-
sidered a steady state value but a maximm value which can be obtained with max-
imm available aileron deflection.

{c) DIRECYIONAL CONTROL FEEL

Directional control feel, in tho popular use of the expression, is the side-
slip response of the airplsne to rudder pedal force input, The word "directional®
in this seass should not be interprsted to mean the direction of the flight path
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of the airplane, but rather to mean the direction in which the nose of ths alr-
piane is pointed with reference to its flight path. To changs the flight peth
direction, the airplane is usually banked into a turn, which implies that the
aileron is the primary directional flight path controle

One of the main purposes of the rudder control is to prevent the build-up
of sideslip in turning maneuvers; in other words, the rudder is prizarily used
to keep the nose of the airplane directed along tae flight path.

Because the rudder is a secordary control when compared to the elevatar
and ajleron, the directional control feel problem is not as serious as the prob-
lem encountered in longitudinal or lateral control feel.

The physical setup of the directional control system further reduces the
problems of directional control feel., It is conventional practice to use rwdder
pedals for directional control. Since the palot's legs are very powerfil, high
directional forces are tolerable, Furthermore, since the legs are ot very
a;naitive to small forces, centering springs can be successfully ussd in the
rudder control systeam to mask the sysiem frictiom.

For directional control feel, the pilot wants a steady siate sideslip Im
response to a constant applied rudder psdal force. For poaitive directional
stability, a right rudder pedal push force produces a left sideslip and com-
versely.

A typical curve of rudder pedal force versus steady stats sideslip angle
is shown in Figure II-1]l. When the slope of the curve is as shown in this
figure, the airplane is said to possess rudder-free static stability beczuse,
if the pilot did not apply the rudder pedal force necessary tc maldain the
sideslip angle, the airplane would tend to return te seT0 sideslip of its om
sccord, Evidently, not very much importance has been placed on the value of the
gradient of pedal force versus sideslip angle in the past. Pilots seem 0 be
satisfied if the gradient is in the proper direction and if the maximm pedal
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force is kept within thelr physical capability. Howsver, it must be reslized

that gredients which are tco high will indoce pllot fatigue in combat maneuver-
ing, and gradients which are too low create oversmasitivity in directional con-
trol, making it difficult for the pilot to coordinate twns and perform preci-

sisn msnsuvers. Anothar important aspect is that a gradient which is too low

will per=xit the pilot to inadvertently sideslip the airplane to large angles
at high speeds, which may cauds structural faliure of tha vertical tail,

Right

dal

r
Push Porve (1b)

Steady State Sideslip
Angle, fM

- Left

Pigore II-11., Typical Rudder Pedal Forces wersus
Steady State Sidealip Angle

Fignre I1-12 indicates a proposed desirabls ncnlinear curve of rudder pedal
force varsus steady state sideslip angle, A high gradient around © aro sideslip
is desirabls for good centering characteristics, A less steep gradient is
deairsble for intermediste sideslip angles to delay pilot fatigue. A very Mgh
gradient at kigh sides)ip angles is desiruble to prevent inadvertent overstress-
ing of the vertical taile '

In Figure 11-12, the problem arises of selecting the proper valne of &3 ,
the sideslip angle at which the high gradient Legins, This high gredient
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9 breakpoint should probably occur at low values of & when the air,. aue is flying
at high dynarmic pressares becauss the vertical tail load is proportional to the

product of dynamic pressure and . Consequently, a possibly better abscissa

2

to be used in Pigue II-12 1sgf , Tather thin & aloue., 1
1 ]
H Right
”
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;,3. s £ (orqf) l
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Left
i )
Figure II-12, Desirable Budder Pedal Force versss
Steady State Sidealip ingls
1 : ; SECTION 3 — PACTORS AFFECTING ATRFRAME RESPORSE
4
In this section the basnic airframe block wvill be discussed, Thls is tie
most important of all the blocks making up the control foel system. Nost of

mmumofemammmumwmmmm
acteristics of the basic airframs, It is not profitabls to go into great detall
because each airplane differs from tha others md hes its om particilar charso~

i ; -ﬁ C teristics,

- el s U . e

COITDEMIAL s

¥ Bt s ae

ca * e .
3 5 — ——
i v i Gciadaarrioare ) -

P T R N T . PP —— .
e T L P TPy




G FTERTIAL

[

Section

. ' The purposes of this section are to point out somes of the important factors )

s

shich affsct the airframe response and to show how thess factors can produce

wide variations in response over the flight regime of any given airplane,
The discussion to follow concerns the airplane responsu to control deflec~

tions, and does not concern control forces. Feel forces are not discussed at '
this point because these forces depend nol only on the airplane response but -
also on the particular elementis comprising the feel system, thus creating far
t00 many variables for a general discussion, However, the conirol foree response
curves an bs visualized if it is assumed that a simple spring gradient relation
exists between control deflections and -.outrol forces.
(a) LONGITUDINAL RESPONSE
ELEVATOR ANGLE VERSUS EQUILIBRIUM SPEED

“ Ous of the most troublescme aspects of the stick force versus equilibrimm
speed problem 1s that an unstable gradient of elevator angle to trim occurs
over a certain Mach number region for most present high-speed aircraft. Figure
II-13 shows a curve of elevator ansle to trim versus Mach mumber for & typizal

ﬁ : swept wing airplane configuration.

The unstable slope occurs in the transonic region and is associated prima-

&

e meisma s,

rily with the aft shift of center of pressure on the wings.

£

o /?/cm. o

10 2.0
/ g Mach Nusber -—-\
o 4 D

Figure II-13. Typical Curve of Elsvator to Trim versus Mach Number
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@ The degree of lnstability depends upon the wing and tail configuration of
the particular airplans, but in genersl, it is more severe for straight wing
airplanes and is less sewvera for delta wing aircraft. In most cases, it appears
that the Jower t\e aspect ratio of the wing, the isss sevare the degres of the
unstable slope, Pilots usually refer to this unstable slcpe region as the "tuck”
region. Consider the case of increasing the trim Mach mmber in Figure II-13.

t Starting at a low Nach pmmber, the pilot sust apply more and more dom-elsvator
(xore elevator stick push force) to maintain level ilight as the Mach mmber
gradually increases. This leads to good control feel. However, nsar the tuck
region, as the pilot contimnes to apply more down-elevator, the airplans will
nose down and éive because the pilot is applying more down-elevator thmn is
required 10 trim, This nosing down tendency is referred to as "tuck-unders®
Now consider the case of decreasing the trim Mach mmber starting from sowe
supersonic valus, In this case the pilot must keep applying more wp-elevator
(wore pull stick force) as the trim Mach mmber decreases until the tuck regiom

.S

LeAX néE
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1s encountered. If the pilot maintains the up-elsvator trend, the airplane will
noss up and pull positive normal acceleration, This effect is referred to as
tuck-up.® Therefors, it is seen that a “"tuck-under® is associated with an
increasing trin speed, and that a "tuck-up® is associated with a decresasing trim
speed. The tuck reglon or region of unstable slope is of courss unlesirsbls, '
especially if the airplamne is designed to cruise in this Mach region becsuse
the airplans will always tend to diverge from its irim speed.

However, pilots evidently tolerate this siiuation as long as the alrplane
possessss maneuvering stability, i.e., a stable stick force per g gradiemt.
There is & possibility, howover, that a coabinstion of & severs tuck region and
a low stick force per g gradient can be of serious consequence, for example, in
the case of a dive recovery, vhere the Mach mmber is decreasing and the tuck-up
region is suddenly encountersd, HNere the possihility of structural failure is
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izminent becauss the airplane may be subjected to large positive normal accel-
srations.

_Another aspect of the stick force versus equilibrium speed problem is the
rapid rise in the slape of the elevator to trim curve for very low Mach numbers,
1.e., for landing as shomn in Figurs IX-13, This situvation usually creates a
control feel design problem in artificial feel systems if a mechanical spring
is used to creats stick force proportional to elevator deflection. Since large
elevator deflections are necessary for lunding, undesirably high landing stick
forces will result. ‘

ELEVATOR ANGLE PER CHANGE TN LOAD FACTOR

One ok the main factors which affect the steady state mmauvering response,
85, /an , of a high-speed airplane is Mach mmber, Figure II-l4 illustrates
that a drastic increase in elevator angle per g occurs when passing from tran-
sonic to supersonic Mach nusbers., This large increass is dae to the combination
of the increass in the inherent static stability of the alrplane and ihe reduc-
tion of elevator control effectiveness, If the ordinate is in terms of stick
force per g and if reasonable values of stick force per g are selected for the
subsonic region, intolerably high values of stick force wmight ocour in the super-
sonic region.

As shown in Pigure II-14, the center of gravity position’is importsnt, b .
its relative effect is amall in comparison with the Mach sffuct.

Although the basic trend of this curve with Mach number is essentlally the
same for all airplane configtrations, the severity of the change in AS,/M is
definitely a function of the wing and tail configuratione, Str;ight wing aim-
craft show the largest end most abrupt changes with Mach momber; swept wing alr-
planes show less severs effects; and delta wing planforms show the .h'ut over-
a1l change, and in conpnrh_on with other wing configuratious, this change occure
gradually with luch numbers
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Nuxber for Steasdy State Nmneuvers

. 1 WLl sfpuation in one of the wost important factors influencing
i O AS, /An . The sewrity of the chacge of AS, /An is greatly reduced fur am all-
movable tail configuration as showm ¥» Figure II-15,

ikl

Conventional elevator 1

ahird At ou B3, be

U

4 aumaa

( ! Pigure II-15. Typieal Coaparison of Elsvator (or Stabiliser) Angle
par g versus Nach Number for Steedy State Maneuvers
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The large changes 11; slevator angle per g over the entire flight regime of
a given airplane constitute one oi the wajor problems of control feel design,

Section 3

This is espucidlly siguilicant Vecauss the 1n

per g is probably the most important criterion to bs met fir satisfactory feel

1tudingl oriterizn o2 =tisk foree

characteristics.

Another aspsce of the elevator angle per g problem is the rapid chmge im
the slope of the curve for very low Mach nuabers as shown in Figure II-14; i.e.,
large elevator deflections are required to produce load factor changes in this
region. This creates a problem for any artifical feel system which has a mechm-
ical spring as the force producer. Howaver, the rapid rise in the AS, /An
curve at low Mach numbers is not as severs a problem as is the rapid rise in
the elevator to trim curve since in practice it is seldom necessary or possibile
tc pull much load factor at low speedse -
(b) LATERAL RESFONSE

The most important factors influencing lateral response characteristics
are Mach number and aeroelasticity. Figure II-16 shows a curve of rolling veloe-
ity response versus Mach number for two altitudes., The same response is [re-
sented in two different forms: actual rolling velocity per unit alleron dellee~-
tion in Figure II-16 (a) and non-dimensional rolling velocity (wing tip helix
angle) per unit aileron in Figurs II-16 (b)e For each of these curves it is
assumed that the aileron deflections are small enocugh that -a steady state roll=-
ing velocity response is physically realisable,

These figures bring out the fact that there is an approximately linesr
increase in rolling velocity with Mach mmber 3n the low subsonic range, This
effect originally prampted the definition of ths non-dimensional rolling veloe-
ity perameter, p4/2V, which gives a single rolling response criterion for
differert airplans configurations. Notioce thet this linesrity starts breskisg
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down in the twfpic reglon, indicating that the 5/2¥ paranster loses signif-
icence for a supersonic airplane, but only as far as this linearity is concerned.
When coaparing rolling responses of airplanes of different siszes at the sane
Nach nmber, 4/2) is still significant.

2,0
()

Figure II-16, Typical Rolling Response Curves for Two Altitnudes

Notice the large decrease in rolling responss in the transonis region and
the further gradual decrease in the supersonic region. XNotice also the large
infinence of aeroelasticity as shown by the different altitude curves.

The gousrsl iraod of molling respomsa with Xach mumber,.showm in Figure
Ii-16, 13 ensentially the same for wiy sirplane configuration; howsver, the
smrmat of decrease in the supersonic region md the szverity of the transonis
drop~o2f are apt to be less for 1ow aspect ratio and delts wing connigurations.

nother inportat factos which greatly affects latarsl rasponse character-
istico 1s the power available to deflect the ailsrons. Righ rates of deflec-
tUom ad relntively large deflections are necessary to wasl, satisfactorily the
new rollisg rospanse sriksrion which gives ¢he time to reach 2 given roll angle,
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The responss curves given in Figure 1116 izplicitly assume that a steady state
rolling wvelocity 1o ohtainable and that this steady state velocity rusponse is
1ineazly proportional to ths smount of arplied ailercn, However, sader Lhe new
criterion the maximm attalnable rolling velocity is the important paremeter.
Since maxizmm attainable rolling velocity is a direct function of mxximm attain-
able aileron deflection , it is seen that control power avallable is a very
inportant factor in latsral response characteristics. Figurs IX=17 shows the
effect of available control power,

Time to Reach & Bank
Angle of 90°

Infinits Ailerom Power Avallable

Maximm Attainable Allerom
Daflection Linmited bty

\ Available Control Fower
h “~
~ /

e

\\

's‘
— “~
PSund

Moy Attainable Rolling

Velocity, p. (deg/sec)

10 2.0
-Nach ¥umher <

Pigure II-17, Effect of Availadble Comtrol Fower to Alleron on Molling
Response of a Typical Righ-Speed Alirplane
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j @ SECTION I - ARTIFICIAL FEZL LEVICES
This section presents a brief discussion of some of *he common artificial

foel devices in usé today. The discussion includes a short physical description
of sach device, a statement of its purposs, an account of how it affects the
feel characteristics of a typical superscnic airplare in light of the feel cri-
- teria presented in Ssction II-2, and finally en appralsal of its limitatioms,
Most of these devices are used in ™natural feel® systems as well as in
fully-powered control sysiems, Naturel feel systems are those in which all or
pert of the asrodynamic loads on the control surfaces are tranmnitied directly
to the control stick and consequently are falt directly by the pilot, Fully
mdemtmlqstmmthouhuhichdlmmlfedtothomu
lost unless artificial feel devices are weed,
The following illusirations of these various feal devices show them mounted.
& on or near the control stick. This is 4one for illmsirative purposes oniy; in
| *  actudl pructice, it may be better to mount these Gevices closs to the control
surface in order 10 minimise the problems of flaxibility and backlash in the
control feel system.
(a) sSTPLE SPRING
The most elmmsntary force producer which can be wsed in artificial feedi

gystexs is the simple mechanical spring. Its purposs is to create a siick
force proportional to control surface deflection, Figure II-18 (a) shows a

. schematic of a typical simple spring installation, The sivple spring defined
here does not inclunde & preload, Extension or retrection of the trim mechanimm

coawa s taabosk

e

pure

meicas it possible to reduce iim stick force to swre regardless of the stick

(or contrpl surface) position, Figure ZI-18 (b) gives the stick force equation

of the simple spring, showing that the stick farce 1s directly proporticnal to
n the cuntrol surfece deflection: Figure II-18 (c) 1Jlustrates this relation.

Pigure 11-18 (d) shovs the tlock dlayram represcnting this sinple spring system,
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¥ = Stick fores, 1»

K = Mochanical spring com-
stant (including stick-to-
contro) surface gearing),
ib/deg

AS = Control surface deflectimm
from forcs trim position,
deg
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Based cn the typical responses of high-speed airplanes as presented in the
preceding section, Figure II-19 shows typical control feel responses of an aire
Plans using a simple spring in the artificial feel system,

It is seen that the longitudinal stick-free static stability as given by
the slope of 4 versus Mach mumber in Figure II-19(a) is rather pocr. The
gradient is too high at low speeds, indicating a high landing stick force, and
the reversal region near the transonic Mach numbers is undesirable, The curves
of Figure II-19(b) show a very large variation of stick force per g over the
flight egime of the airplane, and also show large altitude and Mach mmber
effects all of waich are undesirable. Figurs II-19(c) shows an appreciable
decrosss in lateral force feel for supersonic Mach numbers, and it also shows
a large altitude effect. Figure II-19(d) shows that the directional feel is
acceptable because there 1s only a relatively muall increass of £ /(p4/2V)
as Mach mmber incrsases and becauss thers is practically nc sffsct of altitude
on directional feel.

wfpw —

10
Nach Rumbey —o-
(c)
Pigure II~19, Control Feel Curves for a Typical High-Speed

Amme vith a Simple Spring Only

CCFiTZlTIAL 1-29

- A

:
P -

PRI

.
LN AL L e b4 cwicaitaann i pnn

L2 TN

= et intba ¢ u s




Lot

“fx_z.l‘

ecanertons S ANV DU CIA S | Pt DUACT SRR SRR S PR T ATEST

A et ettt WA e vty o ams b

G v, v e

SR A IS LT & A TS R SRR NG S

- m s §t"-"-'aﬂ.::

Secticn & Bl sioaii

hm,mmﬂdnfulmmmgu;y&égonh,wﬂdmw
exhibit wery poor longitudinal and lateral control feel casracteristics for a
typical supersonic airplane. However, the directional control feal charactew-
hucs!eruehm-drplmnl@thwcm
(b) PESIOADED SPRING .

The presence of frictien in a control system prevents the conkral stick
and/or the control surface from returning to a trim position wher external forces
are rewoved; i.s., friction crestes poor stick centering tendencies in a control
system. Ohe of . the most common purposes of a preloaded spring is to isprowve the
stick centering charecteristics of a simple spring artificial feel system.

A schemstic and the characteristics of a preloaded spring system are shom
in Pigare II-20. The initial steep gradient of the 7 versus AS curve showm
in Figure I1+20(c) indicates that a large force is required to bresk ¢fny from
trim positiot, If this forc is of the smme magnitude as the friction force,
g00d 3slf-centaring oharecteristics can be asoured,

Additional nonlinearities in the /# versus A curve can by crested by
wsing several springs preleadsd st different valuss, Figure II-2) shows a dow-
tls preloadod spring aystem. The characteristics shown in Figure IT-21(c) mey
be decirable in some centrol systems. These characteristics are

1. Eigh initial gredient for good self-centering characteristics,

2. MNoderste gradient in the imtermediate, or mmeuvering, range to lessem

plct fatizue, ad
3. High gradient at extreme deflections to act as z warning to jlot.

Becanse of the noolinear forcs gradients in preloaded spring systems, it is

difficalt to dafine control feel charecteristics in terms of our exlsting cri-
teria as was done for the case of the simple spring. A practical solution to
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/-l’uot'u Porce
4

Preloadsd Spring

Trim Motor

Jas

4= 0 for Pc?
= -"—g’;m P
P = Stick ‘mc.’ b}

P = Preload force, 1b (P takes the
same oign as F)

K = Spring constant (including stiock-
tlg-/cd::t.rol surface gearing)

45= Control surface deflection fyom
force trim position, deg
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3 (2) Schematic (b) Bquation
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ab = 0 for P<P

=EE  for R <F<¢y,

p= B KR K,

e b Sl
_rpegrea

for B<?

F = Stick force, b
R = Preload force of small springs,
b))

K, = Spring constast of amall
springs (inclvding stick-to-
control surface gearing),
1b/deg

B, = Bottoming force of small

spring, 1b
!szgeloadforceotlargom
ik, = Spring constant of large

spring (including stick-to-
control surface gearing)lb/deg

Note: The signs of B , F,, md
sign as

Up By take the same r.

(b) Equations

(c) Characteristics

Pigure TI-2. Double Preloadsd Spring in Elavator Control System
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linear gradient and then to use the exisiing control feel criteria, Using this
procedurs, ths control feel curvas for a preloaded spring aystem would be simi-
lar to those shown in Figure II-19. For a more detailed control feel mmalysis
of a preloaded spring system, the particnlar airplane and the particular non-
linear forcs characteristics of the feel system must be knowm,
(c) DOWNSPRING

The downspring is used to improve the longitudinal stick-free statis stabil-
ity, 1.68., the stick force to trim characteristics o7 an airplane, by effectively
increasing the gradient of the curve of force varsus Mach nmber, The devies
consists of a preloaded spring which has & low spring constant and which is
attached to the control stick so as to produce an approximately comstant pull
ferce which is indeperndent of the speed of the airplane. nnpilﬂtm
a force from the downspring as indicated in Figure il-22,

The preload, 2, is usually large in comparison with the prodact XS i
order to prevent excessively high stick forces at low spesds whers large wmp-

elevator deflecticns are required. Motice that § is to be distinguished from
A& as used elsewhers, Here & refers to elevator deflection from a mewtral

position wheress 4§ refers to an elsvator deflection from a ziisk foroe trim
position,

The dowmspring primarily affscts ths stick force to trim curve, md 1t
acts to increase the gradient, as shown in Figure II-3. Une objectiom to the
use of a downspring is that a heavy, wmnatural pull force is required to hald
the stick back during taxiing, take-off, and landing operations of the airplane.
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Sactiom 4
/—Pnot's Pores
1 :
] s = —(”P) :‘
¥ = Stick force, 1b :
P = Downspring preload at neuiral «‘
elsvator deflectiom, 1%
° 3
&H K = Downspring constant 1b/deg j
§ = EKlevator deflection from *
; E - mg d.‘
89 . g
Dowaspring )S ’
4
(a) Schematic (b) Eqmation
’ lanll :
Beutral Elovator m% )
L
a—-.—
¥ :
1 _ :
- Dosin N 5 Up — i
‘ :
{
{¢) Characteristics
Pllot's 17
r 4 d 1 | 8 |Equivalent |Response .
S— M Rt 'Y Alrframs
b 4
(d) Block Diagrem

Pigare 11-22, Dowmspring in Xlevator Control System
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Figure II-23. Typical Effect of Downspring on Stick Force
to Irim versus Nach Nwmber.

(d) o-BELLONS
Ons msthod of improving the contyol feel characteristics with a rather

sinple mechmical feel aystem is to use 2 g-bellows, Instesd of a spring gredi-
ent that is comstant throughout +he flight vegime of the airplune, the g-bellows
provides a variable spring gredient that is a fmction of Nach mmber and altd~-
tade. Thes the g-bellows can be thoug™t of as a mechmnical gain chnger, e
guin compemsator,

A typical g-bellows system, ss showm in Figure II-2h, produces a stick
force proportional to the prodect of the jresswre differentisl ssress the dia-
phr.gn of the bellows, A, ~p , nd the control surface deflectiom, nnm
w«mﬁ-p.wummwuquwm
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AS= X
KI pt-pi
r Stick force, 1b

K = Qearing constant, .stick-to-
control surface ft2/deg

Pt~p)=Pressure differential across
( )-bellova, 1b/1t2

pt = Total pressure, 1b/fte
P = Static pressure, 1b/ft2

AS = Control surface deflection
from force trim position, deg

(b) Equation

. Pilot's Force
--Down Up—~ /

ab
P 2 1% [pquivaten |Response

(pt-p> L_Airfrm
) { Trin
Forcs i
Mach Number
Altitude
High Speed; Low Altitude
L Low Speed; High Altitude
(c) Characteristics {d) Block Diagram

Figure II-24. The q-Bellows in Elsvator Control Systw
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Ufiitast pressure is @ functiom of the speed and altitude at which the airplane

1s flying and is given by either of the following relatiousy
’a%f(/ez.ffpﬁ‘

shere

;ummm,n,/nz

f it the amblent adr density, slugs/et3

U 1is the t-us airspesd, ft/sec

P 1s the static pressure, 1b/ft2

M 1is the Mach nowber

The ratio (3P} /¢ 1s priwsrily a function of Mach mmber, However, in
any practical dbellows application, the pressure sensing device is alwost abways
located within the pressure field around the alrplane, in which cass the pres-
sure ratio (g, -p) /7 way be a function of other varisbles, such =3 angle of
attack arcd sidealip angls, Assuming, however, that the pressure sensing device
is a conventional pitot tube, and neglecting any interference caused by the pres-
ence of tae airplme, the ratio(,-p)/7 18 then a function of Nach mmber
only, as shown In Figure YI-25, For supersonic Mach numbers, the values showm
in Figure II-25 inclnde the pressure loss through the normal shock wave ahsad
of the pitet tube,

Based on the same typicail responses presented for the simple spring, the
typical comirol feel responses of a g-bellows system shown in Figure I1-26 can
be expected,

Pigure II~26(b) shoxs that the use of a q-bellows improves the stick force
per g cheracteristizs for low Mach numbers by bringing the altitude curves
mmwmmmug/a with Mach mesber for very
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low Nach numbers; however, for transonic and supersonic Mach numbers, the stick
force gradient is too high. One method of decreasing the stick force gradient
at high Mach mmbers is to provide a bellows pressure rellef or cut-off for high
hch‘mbors. Figure 11-26(c) shows a more constant trend of £ /(ol/’zj? with
Mach mmber than did the simple spring system, but Figure II-26(d) shows that
the directional feel characteristics vary with Mach mmber and altitude in a . s

=
8w,

q-bollows system, However, for structural reasons (vertical tail loads), the
trend of higher rudder forces for higher Mach numbers may be very desirsble,

1.0

P

FIvrg—
[

=‘ ' 0 1.0 2.0 3.0

Mach Fuabdr ———o

Figure II-25, The Ratic of Pressure Differentisl to Dynamis
Pressure, (Py~p)/q, versus Mach Number
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Pigure I1-26, Control Feel Curves for a Typisal High-Speed
Alrplans with 2 q-Bellows Only

The foregoing discuseice has s-wn that a typical airplme with an srtl~
ficial control il system using only a g-bellows would probably sxinidbit accept~
able lateral and directional fesl characteristice; it would probably exiibds
acoeptable longltudinal feel cheracteristics if suitable biilows relief wers

provided at supersonic Mach nmmbers,
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(o) THER RATIO CHARGER

*hs ratic changer i: a mechanical du:@c‘ for providing a variation of ths
stick-to-elovator gearing constant as a function of Mach nuabi-, -2itituds, or
possitly c.g. position; in othasr words, it is a 7ain changer. Whorees the q-
bellows provides *automatic® gain componsation as a function of the flight comm -
diticns, the ratlio changer must be politi;ned by external forces,

The mource of power for the ratio chmger can bd either the pilot or &
servo pceitioning system wvhich uses a Machmeter snd/or an altimeter for se-aing.
The servo-positioned ratio changer requires no affort on the part of the pilot;
however, this feature can be achieved cnly at the expense of lowered system
rcliability, The ontimua system as conceivod al present wald probadly ovs serve~
positioned with provisions for a manual over-rids in case of a servo failunra,

It is possilde to incorporate the raiio changer into sy type of feel sys-
tem; however, it 1s usually considered only in conjunction with a simgpiio or pre-
loaded spring system, Figure II-27 {)lustrstes the spplication of a ratie
changer to a simple spring system.

Usually the ratio changer is used in the longitudinal systes only, priss-
rily to provide a stick force per g which is constant with Nach mmber and alti-
tudo, Pigure II-28 shows, however, that if the £ /44 curve 1s made canstent
with Mach mmber and altitude,the stick force to trim curves mey show a more
severe unstable slope in ths tuck region. m-mut.m.wcntb
particular airplane, snd in some casos the spplicaticn of a ratio changer mey
greatly improve both £ /47 sd £ to trim curves.

In cases of particularly undesirable lateral control feal characterisiics,

© & ratio changer way be of beusfii in the allerom contrvl aystem.
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§= 3F

e,
>

=8tick force, 1b

-

=Ratic changer stick-to-control
surfacs gearing {variadble as a
function of Mach nmmber, alti-
tude, and c.g. position);
dizensionless

X <=Spring constant {fixed), 1b/deg

A% =Control surface leflection from
force trim posi.ion, deg.
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Figure II-28, Control Feel Curves for a Typical High-Speed Airplace
with a Ratio Changer and 3impls Spring

(£) BOMWEIGH?

The bodweight is a simple mechanical device which provides a stick force
proportional to normal accelerstion and thus improves meneuvering fesl. It oom~
sists of a weight mounted on tks contrxol stick in such 3 way that it tends te
cause a forvard movement of ths stick, The more normal acceleration the airplame
is subjectad to, the more the stick will tcnd to wove forward, If the pilot
resists this povenent, he will feel a stick force directly proporticnal to the
increment of normal sccelerstion,

Pigure II-29 shows a typical schematic of a bobweight installation and some
of its characteristics, In many applications, the undesireble stick force ocre~

ated by the bobweight when the stick is in a neutral positica is canceled Wy a
bobweight balance spring.
Figure n-io illustrates a typical contral feel .respons. with and vithowt
& bobweight, It is seen that the bobweight mersly increases the stick force -
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.;’%ibi !é%;i: £ ﬁi& Sacticn &
@ ?,=KAn
; Fe—  __Piiotts Force |P3=Stick force, 1b
' ‘ K =Bobweight effectiveness, 1b/g
A Bobweight an Incremsat of normal acceleration,
; Balance Spring g's (An=n-1) !
i,
i Note: This equation assumes the
B bobweight balance spring
L. Bobweight constant is negligibly small,
i
2 .
i I ;
H )A‘ !
; § : ]
! (a) Schematic (b) Equation ‘
%
Without Bobweight
L C
i % Fs |- neutral elevater
| position
- "\
H
] ; $Push . /-‘Punt'a Force
i With Bobweight Balance Spring :
} (slight slope due to spring ) Y | Equivalent | Response
: constant) | - Airframe 1
% ) ’Pnll r,
: Trimmed, L An
‘ Iavel Flight . L ['¢
) e An oy
; e - 5 4 Bobweight
f Frad lbm , _ a
l 4
: (e) Characteristics (d) Block Diagram
S O Figure 1I-29, Bobweight in Elevator Control System
. . Y.
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per g by a constant amount. If the bobweight balance spring is not ured, the
ad*itisn of a bowislight to a longitudinal control fesl system will also chaoge
the £ to trim curve. Yor this case, the bobweight acts like s downspring and

£ ]

i

wudd

AL

tends 40 produce a mors stadle mdummnmmn-z:,

!
Te
3n

Thers 18 cne greaz objection to ths use of a bobweight in high speed air-
planes: it may cause poor trassimst el beceuse of the lag betwaen mormsl

With Bobweight .
D™
L~ Constant
—Without Botwedght
1.0 2.0

Figure II-30,

Mach Fmber —o

accsleration response and command inpwte

A precaution that mast be tilma whan deeigning & botwedghl-nra} fead
system is t0 sliminste the possibility ¢ coupling hetwees the dotweighi and
airplane natural frequencies, For flight at high speeds, where the longitedi-
nal short period frequency is very high, there is a definite peesibility of smh
8 coupling effect which could result in wscomfortahle (md perhspe Ssngevens)
pitching oscillstions in gusty weather flight, These polsts meks it eleer that
1£ & bobweight {5 to be included in & control feel systen, the dywsmis charaster-

istics of the integrated system mst bo'o7refully studied,
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{g) DAPER
“he mrvose of ihe deaper ia to providi a ovick foce proportinvisl to thy

yate o «tick aeflectivi, Kechanically this device consists of a mﬂl pistom
moving within a cylindes of 0il, the motion of the piston being restricted by
13 " 641 which must be forced through tiny orifices in the piston. When the pilot
- deflects the st.ick?he will experionce a forue proporti-nal to stick (br eleva- |
tor) velocity, A schematic and the characteristics of a damper system are
shown in Figure II-31,
The dsapsr is used in longitudinal control feel systems Lo improve the
transient feel if an airplane exhibits unsatisfactcry transient fesl character-
1 istics. The effect of a damper can be ssen by referring to Figure II-8, where
the curves in Figure II-8(a) are for a control feel system which has a dawper,
and the curves in Pigure II-8(b) are for a system without a damper.
1 O The damper appesrs to be & satisfactory solution to the transient feed
problem, but it has several drawbacks. One is that if the damper effsctivensss,
X 5 is selected for some critical flight condition where the need for the
; damper is greatest—usually in the transonic region—it will probably be found

-.,,._
D g
WS hdaks

WA

that the damper restricts the mansuverability at other flight conditions where

high rates of elevator motions ar necessary. In other words, in order to meke
" a damper operate succsssfully, the damper effectiveness must be mads a functim
of Mach number, altitude, and possibly c.g. positiin, Another drawback is the
i difficulty in designing a damper which can operate at va.rioua teupersture levels
!

and which will provide sufficient damping for sma'l stick deflection.

(n) SERVO SYSTEMS
Nost of the pursly mechanical control feel devices described previoualy

have the common failing that their effectiveness must be a function of Llight
O condition snd airplans configuration,
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F =3tick force, Ib

K =Dampar effectivensss, _i;_.aill’“°

okt

A‘: Sticx (or elevator) velocity,
dog/sec

squal to d/at) sssentially
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Host L. Jent-day feel systems incorporating only these mechanical devices
withoue adsquals Penin® conpensation as a function of Mach number, altituds,
and c.g. position have not bean entirely satisfactory, It is wursascuable to
axpect the pllot himseli to provide the necessary gain functions because his
attention wmay be requizad elsewhere., For instance, the pilot certainly could
not be sxpected to provide conpen‘ut.iou t0 the feel system during combat msmem-
vering flight where extremely wide Mach mmber and altitude changes occure

To provide satisfactory feel characteristics throughout the flight rexime
of & supsrsonic airplane, it is becoming more and more apparent that servo sys-
tems incorporating autcmatic gain compensation will be necessary, Thers are
two lines of approach in designing servo systems into an airplans. First, suit-
able motion stability sugnenting servo systems can bu added to the basic sir
frame hlock, thus creating desirable airframe responses to pilot's force inputs.
in entirely mechanical type feel system mzy then be adequats to provids satie-
factory control feel, On the other hmd, if the basic airframe is not suilably
mgmented, force augmentation in ihe feal systen can de provided by a sarwo
device, In many cases, becauss of the corplexity of the problem, servo devices
with sxtomatic gain compensation will probably be nseded for both motion and
force atability augmentation,

Theze are many raxifications of the servo type artificial feel producer
with satomatic gain compensation, Soms are of the open center hydranlis type
with Mach numbor and altitude compensation in the form of flow restrictors,
Others are of ths electrical slipping clutch type with sppropriate monitoring
from Nech and aititude ssnsors. Most of these devices are specifically designed
mmtmmtaotagimm
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> DESIGE PROCEIURE
A SECTION ;. - INTRONCCTICY
In Chapters I and II, ths aspirecs slemmtt of ia= plict-sirframe system
were briefly discussed. These elementa weres
1. The controlled element: the basic airframe.
. 2, The controlling elementss

. Senaing and actuating element: the twman pilot,
be Equalization: the artificial fuel system.

The artificial feel system is the equalisation for the complete system ia
e:rcordance with the definitions given in Chapter IV, Section 1{a) of Reference
"o First, the artificial feel system is alwost completely altsarable within the
bounds of physical realizsbility. Second, this equalization is used to tis the
unalterabls controlled and controlling elements into a well-integretad functional
systen with specified system requirements.

The purpose of this chapter is to outline a method for designing the arti~
ficial feel system. It is important to note that this method is equivalemt te
the one used by the various agencies when the specificstions for flying gquali-
ties were estallished. The latter msthod involved perfurming extensive flight
tests of many airplanes; the method to be used in this chapter accomplishes
the sams task through simulation of the pilot-airframe systom om the growd,

Section 2 presents the basic concepts behind this deaign philoaophy.

* Section 3 detalls a program for ctiaining a solution to the problem by asmne
of the analog computer, In addition, zome of the quantitacive and gualititive
results from such a program are included. Section A is devoted to & brief
discussion of the physical mechanisazion of the resulie obtained in Section 3.
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(a) CRMERAL COMSIITRATINS
he Sasic pllot-airframe system has the same gonerzl form as oy serwo
systea. This fora 1is shown in Figure III-l.
) systea

Response
Tfovence & Controller {—e] Equalisstion Contralled| P e .

i ——

Figure III-1, Functional Block Diagrsm of Basic Servo Systea

mmmummcknymmmmmpmn@mm
diagram for the pilot-airframe system, Figure III-22

i System
Reference Haman Artificial Basic Response 1)

- Pilot [~ *}reel System Airfrene
mmmm-n-———-’

-l

Y

Reference Response
Humen Pilot Rquivalent Airframe

-~ ' ' °

(v)

Pigore I1I-2, Muncticnzl Block Disgram of Basie
Pilot-Equivalent Airframe System

Figure III-2 shows the artificial feel system md the basic airframe lumped
together as ons block. This procedure will bo jJustified later in ths chapter, {)
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{b) THE CONTROLIER

Considar ~oes the longitudinal dynamice ni the systes. What are the inputs

4 to the pilot? The ouly stimuli that the pilot can use for flight control are
, . either visusl ones or those resulting from the dynmic forces acting on his

} ) body. Of the two, the visual input is more useful as a aid in directing the
; flight pathe

§ The visual input can come from seversl scurces, such as the position of
; the horisom or the indications om the cockplt instrumsnts. Aseums tiat the
g pilot's visual input comes from the position of the borison and is trenmitted

as the difference betwem the desired pitch attitude B, and the actuil pitch
attitode 8.
O Corresponding to this input is the pilot's output, mn spplied force £
on the cockplt cantrols. The block diagram of Figmre III-2 is then revised
as show in Figare IIT-3.

'Q“w-.xmwrmmmlw~m.h&.»wi::i'-" ok
* »
]

Tp ®
}—of Equivalent Airtreme

-

Mgure III-3. Pllot~-Equivalent Airframs System Block
Diagram with Pilot Inpwt

The pllot applied force 5 is given by

(mD) £ - %4

O vhere ) 1is the pilotis transfer function relating the force owtput to the
visual inpmt,
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Much experimental work has been and is being done to obtain suitahle Zorms ¢
ad valces for the pilot trsasfer function, For the work to follow, the trans-
fer function developed by the Goodysar hircraft Corporaticn is used {Refereuse
3 )o With respect to the yurm, this tranefer fimstaion has been found w e

Jeasonably acceptable, This form is

ST
/

5'@

i 7
PARA
‘q‘ £,

e 3 2
»
X o fw
USRI S S S S »

{112} %= ke ;3'/)

The gain term is largely a function of experience, fatigue, and tenseness,
Under normal conditions, the pilot will adjust his gain to best suit the rest
of tle system,

The factor ¢ deternines the fixed dead-time between ti pilotts
responss and his input stimnlus (pilot's reaction time).

The denominator factor 235 #/ is a msasure of the pilot's neuramscular {-
lag. That is, there is a lag of 37 seconds between the time the pllot's ‘
ﬁ mmhhimuwt‘hﬁm The ef‘ects of the fixed

dead-time, or reaction time delay, and the lag are shown in Figure III-h for a
step fimction stimilns,

1 1
4

Lo

| =3 5% of Pinal Value
q 1% / N\ Bepmes
Qg )
| -‘fl"——-‘ 32 | e

Pigure IIX-4, Reaction 7ims and Neurcmiscular Lag Xffects
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The mumerator term /S +/  1s a function of the pilot'c rete Jodgeent.
The sdgnificance of this term caa be vicwed ir the following mamer.

Through experience, ths pilot kmows that he is controlling an element,
the airframe, which has a lag inherently associated with it; that is, the
alrframe output motion will lag any comawmd input ihat the pllot trenssits.
To offset thiz lag, the pilot subconscioualy controls the rate of his inpat
command so as to decresse the effective alrframe lag as best he cm, This
sction 1s illustrated in the idealized Bode diagram of Figure III-5.

3 Pilot Rate Juigmed
s
4 Alrfress

Angle
4n Degrees
Q
o jag lead~e

Pigare III-5, Effects of Pilot Rate Judgment on Airfreme Response

Pigure ITI-5 indicates that the pdlot rate judgment term decreasss the
apparent airfrmse lag, thus improving the system. In effect, the /5 ¢/
term acts as an equalizer in the ccmplete closed 1oop system,

In adiition o the terms dusoussed sbove, the pilot trmsfer fmetis,
(II-2), should include a factor simulating threshold effects. There are twc
tmotmmmwummummu. pllot. First, there
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senss ths stimulus aud respun’ - ..rdingly. Inhis is shivin in Figurss ilI-6(a)
and 13-6(b)., The eflects of this type of threshold can be minimized dDy mag-
pifying the presentation on the cockpit indicatorss ]

The second and poasibly more important threshold is the "indiffere e
thréshold,® This is shown in Pigures III-6(c) and I1II-6(d). For any stimulus
within the threshold rangs, the pilot simply does not care and does rothing,
When the st s:lus exceeds the threshold value, the pilot then rssponds as if
there were no threshold. It is inportant to note that the indifference thres-
hold occurs at the pilot'!s output while the perceptual threshold is an input

phenoasnon,

Response
Response

/ Stimlus ' Stimilns

(a) Perceptual Threshold {c) Indifference Threshold

g i
8| ot

3 3 o"&‘:‘ﬂ

.g Al Outpat

¢t —o

(d) Indifference Tareshold

(b) Perceptual Threshold
Figure IIT-6. Pilot's Threshold Effects
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It is wndersiood that (I11-2) way not give 2 true representation of tha

A

. .
[Ty

hza= pilot, in which case ihe results presentsd in ilis Jollowing analysis will
be in error. If the hummn pllot transfer function were known sxactly, any
snalyais using ‘hs exact transfer fimction would give correct results. However,
the nein objective of this chapter is to present the concepts behind, and am
insight into, the analytical irvestigatiom of pilot-airfrane systems, Until
the time whem the exact heman pdlot transfer function is known, (III-2) will
ssrve as a guids for future studies,

el s o diing b

{c) THE CONTROCIED ELEMENT

The equations of iongitudinal motion of the basic airframe are: #

:;sx_ufx__--ya {mmmmm

W3 |i-yé =a, = Zus Dw+ 56 ¢ 2,5 {loml Mecolaration

A_é’“’au + M+ My ar + M;0 M S, {gmiﬁmmm

Equations (II1-3) assume that ths elevatcr is the only control availabls
for longitudinel dynsmics. This assumption will be carried throughout the fole
lowing snalysis, sand the effects of speed brakes, flaps, and throttls will be
disregarded,

Furtbermore, (II1-3) abows that the elevator affects only the normal and
pitehing acceleration equations. Consequently, any sugmentation provided by
the equaliser through the elsvator ean affect enly the Z and M, or normal
force and pitching moment stability derivatives.

Bqustions (III-3) yield the charsctaristic equation for the sirframe for
slevztor deflactions, This equation is of the form ¢

MRS '.r;:u.n.u..w..swmmm

(m-4) A=As*+B8s%+CsP™rDs+£

# See meawrence b, Equati:  ‘TTI<9) and (III-24).
% See Beference h, Table Li.-: . ~TI-26,
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1 % A=t
2 ; Be-[UM+ M;+ 2]
b4
3 C=MZ, UM,
] .
1 D = =X (M 2 ~ UM, )M, (X Y- 3)
ii E=g(2M-MZ,)
The relative magnitudes of the coefficients are such that :
!
(n-5) » A = (s* *Bsfc)(s e, BC- BE:*»!- ‘
L c? C !
i
| The first and sscond factors in (III-5) describe the characteristic longitudinel :)
| short period and phugoid modes of the sirfrems respectively. XEquatica (III-5)
A 1s then rewrittenas
1] :
(ta-6) A =(s*+ Z-Qa)bsod,’bXs'fzI’d,,sf q;)
; -

; ! . The short period frequemcy &} 1is wewally amch grester then the pimgeid
mw%.rawm,mmmum ‘
nudnpod,vith-g,mmathol. However, the plmgoid is poorly 5

: . dampec and somotimes becomss unstable. The short period and phugoid natwredl e 2

) : . . frequencies and damping ratios ares ¥

3
. oD &, =GR YM 5 K- %(%&*L*‘é)
!
i
3 # Raference 4, Equation (II1-38). . D 1
, ; #% Reference &, Table IXIwhe |
- i
g C I11-8 |
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() THE BIALIZER _

The squalizer, or artificial feel system, consists of the force stability
mgmenter and the motion stability augmenter. The functicn of the artificial
foel system is to effectively alter the equations of motimm, (III-3), eo as to
Improve the dynanmic response of the airframe.

Consider first the force stabllity augmenter. The force producing system
applies forces to the control stick in addition to the forces exerted by the
pliot, These forces are fimctions of the aircraft output quantities which are

« fed Yack, sithar directly or indirectly, to the control stick. For the most
gwersl case, the forces can be expressed as

Ij.af‘fliff;fslfg

(r1x-9)
E=YXu* Gat}6+ )&a,# );-’5‘

vhare

£ 1is the total force applied to the stick by the force producer

Ys are the tronsfer functions relating the force outputs of the furce

producer o the input quantities

& ,4,0,8 ,mid, are the airirame output quentities describing

its dynenics.

These force feedbacks should be examined in ilie 1light of the basic purposes
of m atability sugmoaters listed in Chapter I. Thewe are repeated here for
m'

1. Toe force prodacer must provide the pilot with-pressure cues of the

Froper sagnitudes and from the proper -sources to allow near optimm
Night peth control.

O m.y
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2, The force producer must reduce the possidiiity of inadvertent destrao-
tion of ths «irplane.
3. hrough the elevator mwtions Trodusesd uy Lie force svavecs wnder hande-
off flight conditions, satisfactory dynsaic atability must be provided.
Consider u . Since & 1s the chmnge it forward velocity from trim speed,
the force J u partially satisfies the first reguiremsnt. Assume that the .
sensing and actuating elements which produce the forcs Y, u ave perfect; i.e.,
they contain no lags. Then the transfer functiom Y, can be replsced hy a pure
guin terw, 1K, | . The algebraic sign of K, must be determined from
physical eonsiderations,
In Figure ITI-7, £ and /; are the forces applied by the pilot snd by
the force prodncer respectively. The positive direction of force is a pull
orce, corresponding to up-elevator,

£
’-/ :)

e 4 e

¢

Push, Down-Elevator <o ——= Pull, Up-Elsvaiw

7% Xlasvator

Figure III-7, Forces Acting at Stick Orip

Yor a statically stable airplane, up-elevator or a pull force on the comtrel
stick must be supplied to decrease speed; 1.0., 5 gives ~u . 7o provide
the pilot with the "feel™ that he is decressing speed,~/ wust st o the i
stick. Therefors, £ md « should be of tae sme sigy, or /5 = X _u )
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{one Figure 171-8),

:
;
\j

Figure III1-8, Block Diagram Representing u Force Feedback
f effectively acts against the pilot's applied force. Then the net
stick force, 5 , 1s
(m0)  £=£-F

This 1s illustrated in Figure II1-9.

Figure I11-9, Summation of Forces Acting on Stick

The net stick force acts through the control system dynsmics to give an
elevator deflsction Sq o Denoting the control system dynmics by the transfer

mm?," »
(mx-n) § = %4

If it is assumed that the control systeam dynmmics can be representad by a
siwple linear spring,

!
(m-12) § "‘,;;E
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as shown in Figure ITI-10:

LIREN R

9

Figure II1~10, Block Repressnting Relationshiip Detween
Elevator Notion and Stick Yarce

In the hande-off flight condition, 5 umd§ (for only a u foroe
feedback) is given Yy

-

1.1 / -
(m0) 5 =gk -;(;I-f)w;;(-r..): %:.

The block diagram of Figure III-3 now appears as ia Figere III-11: -

Yo+, FosPyfu [_1 | &% | Basic

Orefi, O
Qe Flet a X5, Mrfrems | % _ 1
—

o By . l
3 |

e

Pigure ITT-11. Block Diagram of ¥igmre IIT-3 Modified
by » Yorce Feedbuck

Substituting (III~13) into (II1-3) ylelds for the mormal and pitching acoslere-
tion equations,

3, = Z“u_*?...a'#?,-é-'?,'(%).

8 =MutMart Mt M.é-,\g(_f_'z).
&

(11-14)
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]

(1m1-15)

. K . .
6 - (a-M,‘—F:E—)u + Myw + My dr + M6
&

vrdd oo

Egation (III-15) shows that the original stability derivatives Z, and
; M, have been augnented to the new values, Z.'Z&(K%/K,‘) md
; M, - Mg (K.' /Ks,) « This augmenting characteristic of the force producer
leads naturally to the tera “force stability augmenter.*

N

The use of the ncreal acceleration &, as a signal for ths forcs producer
satisfies the second requirement; that is, ths force st the stick as felt by
the pilot will build up to a large value as large load factors are built up,
thus acting as a vaming to the pilot.

@ Whea a pull fores (up elevator) is applied vo gave an upward accelerstion

. R RN ey AT

~ 3, » the reactive force should increase as the magnitude of the accelera-
tion increases. This reactive force is —/- . Again assuming that the tremns-
ruhmctimt. can be replaced by a pure gain,

P
- Ly ntranty
mﬁwzi‘\h-mumm"»-’ uigept

(m-lb) ‘,;. - ‘.F* = - Ka" ay

or

mmwﬁuﬁ» .-
L]

5" K
as shown in Figure ITI-12,
mfoms){;é,ze R lndﬁ'é, » which are respectively proportional
o the rate of change of forward velocity from triu,to the perturbation pitch
; mgh,mdtothomotchangeofmmdaccohnﬁon,u.cncch
{ () useful as pressure cuss to the pilot. However, the quantities & and &, are

rapuges
c@m'ﬁh WEJ §lel=. I-13
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"" ; 2 and hands-oz flying, tut for
sffective mtg;fﬁeﬂa e both hands-o ,

autgenting pucEo e alons, tozve ouedtitisz are betior utilized in the motion

stability sogmentsre

P,:P,,s‘-l’" o
2 r 1 | %] Baste w1

Orely.. % T . )

— m y St |- K W‘. &
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» T, o

T
Kur
¢ -

Figare I1I- Block Diagram of Figure III-I1
2. Modified iy ag FYorce Fesback

mmmmwwmmummnu
to stabilise the characteristic medes of the sirframe. These clevator deflso-
mmwmmwmmmwmmrm
force stability swgeenter. ) )

Mwmmwmmuwmmmn-
wmmdmmmmmvmmmu,&,a,.
and 8, o m-mmmummnmmnuzmorw
chmges, it seems fazsible to use U ad G to improve the characteristics of

pomEpen
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Consider the ¢ feedback. The elevator deflection for tils fesdback i=

(m-17) §.=Y% 4

[ ]

where ) is the transfer function relating elovator deflection to & . This
is illustrated in Figure III-13.

u

(-3
4
e

()
Figure III-13. Block Diagram of @ Peedback to Elevator

Assuning no lags in Y,;. »
(r11-18)  §;, = /(,;":l

SUBTTTtuting (III-18) into (I1IX-3),

(g | T * 50 TN,
8 =Mu+t MuwrMda fM,'é*M& G, 4

Thus ¢ feedback creates two new stability derivatives, Z. K and M, K; .

These stability derivatives change the 8, C , and D coefficients in (III-4) to

(5= B-X,2, X

Uy

(z1-20p | C'w C* 2, Ky (XoM; + gM)+ My Ke (9-X,4)
D'~ D+ g(M, 2, K, - Z.M, 1)

* See Appendix for derivations.
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the pimgoid quadratic can be rewritten as

L (D+AD)c+AC)-(B+ AB)E /3
(m1-22) ["" (C+ACE S * Teac
o
[’,* (DC-BE)+CAD » DAC +ADAC-£4B . _E ] _
(C+aC)* 81T+ 4C
6+ 2Zafs + of?)
Equation (IT1-22) shows that
.C >284,
{111-2) *
& <a

12 AB,AC , d AD are positive, Then from the two inequalities in (I11-23),
'4
1t cm be seen that &, > L, ttas showing that <& feedback incresses the pbugold

damping.
Consider now the (£ feodback. As in the & case,

(m-») § = L,e

-2 CC.ATINIAL
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: ' - e EESA
S e E
Section 2 Wnughhﬁﬂ-ﬂ;d kﬁa s
vhere 8°, C’, md D’ are the new coetficients. 8 ,C , and D are ususily 13
poritase awbers, Denoting 8°, C°, mé 2'as
3
(8= 8+ 48
(m-1) |c’"=cC+aAC
D'= D+ 4D By
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(mx25) 5, = A, ¢

for a perfect sensor and actuator as shown in Figure ITI-lh.

IRSRRTE SR DR L A S S

: = ] Sensor Actuater L-‘—“. ._!..x,',_‘_".

: () (v

Figure III-1hk. Block Disgram of u FPeedback to Elevator

Sudedituting (III-25) into (IX1-3)y z

a, =(Z,+ Ju + Z wr +2;8
(mx26) | A% . ¢

ﬂ ) -(u,‘w&x.‘)uou,anmﬁa‘rugé
Equations (III 26) show the sugmentirg value of u feedbeck, This sug-
mmstation is wost useful for eliminating the tuck-undere Tuck-roder eccmrs
wiwn ths E cosfficient of (I{I-4) becomes negative, in which ccse 4}, ‘becomes
an Isaginary nmber, £ 1is given ly

- il re

) £ -glE M~ MuZ)

»

Hi%h *he sugmanted valves of Z, ad M,

) £ olE B K M~ (M M 7 V2]
- gl i~ 2 i)+ glE K, M, - M, K 2]
= F ¢+ Af

COITICITIAL e

g

ot u . .. - L e s -
R X A . NI - - e - e - e

R e R R AR P Tod




PN P g w47 o s -t 1o

-

ety s o o

PO

A Y R ey
§\ ‘ %Mﬂ‘ﬁ:‘:_:a -

! P Rt T e B L O L T S I RPN
L‘:’_S‘
. qm-nm
Section 2 $orund b xﬂﬂl
By making the proper croice of A,, , £' can be made positive, thus making wy,
- 4 real mesder and slixinating the tuck-under tendency.

.Since the elevator daflactions caused by the motion stability augmenter
.
are suparimposed on the slevator deflections caunsed by the pilot or the force

stability augnenter,

.w

........
QAL P L ppIg I T
boedebidal dene

i
"y
]
5
L)
e

) §-5 ¢S
where

S  1s the total elevator deflectiom

S  is the elevator deflection caused by the pilot and thr force stability

magmenter

Sg, is the elevator deflection caused by the motion stability augmenter
Figure 1I1-12 should zow be further modified to include the elevator contritu-
tion from the and & moticn stability sugmentation feedbacks.
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FPigure III<15. Block Diagraa of Figure III-12 Modified
by m and % Fasdbacks to Klevator
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Vary 1itils change occmindnpuddsn".ng{; - ghort period mode, and
consequently, neither « nor & feedback will Lave much effect on the short
period, However, largs variatioas in 3, ond 4, are exhibited in che siacs
period, snd these quantities give excellent corirol of this mods.

The elevator deflections crused by A, snd 3_ fesdback are

(111-30) S— + 5,‘. a&a: l'..sl
Again asmuning perfect sensors and actuators,
(O30 5,0 9, Kt Mh

This augeentation of the elevator moticns Yy @, mnd &, camses the fullow-
ing changes in the coefficients of {III-4):

(1-32) A =As +As’+ B3°+C5*+Ds+F «
where

A = A

A= AvAA+8A;

B= B+ AB,+ AR,

C'= C +4C, + Ay,

D'=DrAD +AD;

Note that the order of the characterist’s equation is increassd and thet
the £ coefficient is ucchmged, The mgmented coefficients from the a, and
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Section 2

3, feodbacks are {)
84, = -2,k
A8, = Z Ky My =M K0 23
(III-33)% “ o
Ac?; = S‘KO,‘.(UO MU-AIO'X:’ - M"K,.‘('LZ‘.
02, =T A WA X M) M) M, el 2 =X, 2,0 28]
and
A == ZS‘K,,;‘.
AA; = Z K M: ~M,. K; Z:
(Im1-34) Aia S by, ® L2 ]
ag; = 3;"'3,_!‘!-%‘”.‘*.""’:/&‘,“4&
4G, =B A Uit Mo X M- Moglr MK TUIX 2, - X 2,) # 2,9] 3

Equation (III-7) shows thet the short period frequency and damping ratie

‘-)Q, = {C’
B
L = 2 c
By the proper choice of x.'. and K,-‘ in (II1-33) end (III-34), it is posai-
M

bls to increass 0,” whils holding I,, constant or increasing it.
® -
The complete generalized blook dlagram of the pillot-airframe system is

shown in Pigure III-16,

:’)
p—

# See Appendix for derivation,
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: = fay = |*
‘ r ‘—l'.#
S é ? kl’ .B
i
! Kay 4
: Force Motim
‘ g Augamter Augmenter
i Fimre I1I-16, Gemeralized Block Diagrem of Pilot-
; 3 Equivalent Alirframs System
1
% A1l ps.tinent equations are sumsarized here fur convenimncs,
; The controller (the pilot)s
3 —2s[Ts+/
‘ 3 - ARl
The equalizer:
é; The force stchility augmenting. system:
1 f 5~ .
J g (m"“) 6 nd 5, f‘
L ¢
k , "-' » *&'a
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i; {1i1-36) 1
?' (Cont.) é‘ = 3 K,.’a.
|
5,' = ',-(:' £

The motion stability augmenting sy<tem:
%= 5t 3,

(m_y’) &l = K“"u

§e= K d
%, fals

4
DR )

The controlled element (the 2irframe):
(& = X, u + X & - g0

(m38) |-y =a,=Zu*Zw*ZO+25,

&6 = M + Myw » iy + M;6 * M S, -
(s) THE RQUIVALENT AIRFRAME AND EQUIVALENT STABILITY DERIVATIVES -

In Pigure III-16, the combination of the equalizing system and the cun~
trolled eleaent are referred to as the equivalent airframs., This is the equiw-
; 2lent airframe indicated in Figure III-3. The equations of the equivalent air-
; fraze can be derived from Figire Iil-16 or from Bquations (ITZ-35), (I1X-~36),
(111-37), and (J1I-38). 3
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COUFIDENTIAL e
Froa {I11-36) and (II1-37), the total slevator deflection S, ie

! _ , ]
(-39 &= @(7;.9, R =Koty )t Ko o Koty 0y 4 Xy

or denoting ),;B‘IA',‘r as the elevator deflection 5;’ dus to the pilot!s efforts

~A, . [ A .
(Io-40) &= 5;' ’(_xit + K“.')u +K, & f(.é:l.f K"‘)‘, * /\";‘a.

/ / K -va[Teel
(I-4s)  S,=45 K&J;, Xy s+l

Substituting (I1I-40) into (L:I-38),

fa=xasx w-go

- =a, =[z,,*z,f5;;ux._)];oz‘/c;~a +tZareZ0
(m-m) |, z"(-%,u + x,,‘);, * 20 5+ 58,

-] -]Z\uu“{gf v x.’)]u%‘xq_‘; +Mur + My ir + 048

+ M:‘ f _%z + K,’.)a, + Ag'x,"nj, + M,‘S,’

The equations (ITI-41) are th= equations of motion of the equivaient aip-
frame, it is with respect to this squivalent airframs thst optimm design is
sttempted, That ie, the respnsss & ,&r, O , etc., mrt be optinised bearing
in mind that the input to the equivalent airframe is & , or more exactly 4 ,
the pilot's force outpwt.
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Section 2

Z derivatives are given by the constant K= M,‘/Z,‘r ; that is,

p—

\e rme s e,
- -duab-_.dlﬂr\ Al

IIT-1. Note particularly that the relationship between the zupmented A/ and

M, = KZ,
M » W k’ Z-
(I11-42) “© -
Moy = K 22
;= K%,
Equivalent _ Basic + Augmented + Augmented Alternate
Stability ~  Airframe Stability Stability Expression
Derivatives Stability Derivatives Derivatives
Derivatives From Force Froa Motiom
Stability Stability
Mgpenter Augmenter
z“’ = Z, - Z /_(‘r. + 2§ ;c& Z+Z
<X
Z; = (4] + 0 * Z A Z;
2, - o B Z‘:%:‘ * Ik, S
s & - (o) + 0 + z‘& 2&
K
M, - M, - M 7"3 L A M, + M
M = 0 + 0 MK, M
5K ;
M, - 0 - M, + M M,
e Mok s".f 2
M‘-' = (o] + o] ¢ %&b MJ.
Table ITI-l, Equivalent Stability Derivatives
-4 A
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The augpented, or equivalent stability derivatives are summarized in Table
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Then (III-41) is simplified to

o

a= X, u+X w-g5
(QIa3) | YO~ 8y = Zur Zwr 0028 ¢ (Flus 2, +2, 0p+ 2 4,)

B Moo am b MM K (2 B 28

Exmination of (III-43) shows that the only variables over which the
doaiwhuanymatdegmootcontrolmg; o 23 ,2,' ,2;‘ » and /Q‘
for the particular example chosen. These five variables define the equalising
artificial fesl system. Tharefore, the problem of control system design reduces
to that of adjusting these five parameters so that cptimm over-all system
m™eponse is obtained,

The mmber of variable parameters and the cumplexiiy of the many defining
squations, such as (INI-4), (OI-7), (II-8), (11I-20), (III-28), (III-33), ad
(III-34), veem to indicate that the design problem is not a simple one. An
at.empt at solving the problem thirough paper analysis will undcubtedly prove
this to be trus., Therefore, the problem is best solved by making use of analog
computers, Using this meihod, it is only necessary to vary the values of the
components corresponding to £, ,2; 2% »Z; , ma K uwtil the best sys-
tem respones is chserved on the computer recorders,

SECTION 3 - THE ANAIOG COMPUTER
The system equations to be set up on the computer are (III-2), (IIX~-iOs),
ad (IXI-43)s To reduce the number of varisiole potentiomsters in the computer
investigation, (III-43) can be further simplified as shown in (IXI~4A).

ceurzimiaL 1m1-25
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a =X u tX ar —g60
ir=2u+Zw *(%*23)9.*2;55* Ky
(I1-ih) |6 =Mu+M ur+ Mydr+ M;O+ M. S+ K Koy

a,= @ -Ub

Kg ™ Zgtt + 25 + 2o 8y + 75 8y

The computer circuitry for the atove squations is shown 1n Yigure III-17.
Notice that since the potentiometer setiings for the basic airfrase stahility
derivatives are predetermined by ths particular airframs configaration chosen,
the nmber of variable potentiocmeter settings is only fowr,
Furthernore, it is inown that two of these potentiowster settings, Z. J
md?g,mm&mwmmmnw;mmmyw
have a slight inflvence on the short pericd modes when the frequencies of the
two modes are not greatly separsted, Alao,?,’ amd Z; are chiefly short
perdod augmenting warisbles,
The analysis made above showsthat the complexity of the probtlem as orig-
inally presented can be greatly reduced by making use of equivalent stahllity
derivatives and anslog corputer simnlation, The analog compater program for
the solution of the problem is straightforward and is presemted btriefly below, .
Pigure I1I-18 is the time history of a typical airframe disturbed by a
gust of wind, The airframe parameiers are given in Table IlI-2 for this par-
ticular conditiome S
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values given in Table III-2
Pigure II-17. Similation of Aireraft Equations of Motion
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M= 00018 Zuwr= 1,32
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-2,83 3= -8

el ol g

18,02 Z5,= K15 .

5

j Table III-2, Airframe Parameters Used in
' Figures II1-18 through IIl-27

O

The time histories show that for this configuration the airframes short

period mode is well damped whereas the phugoid mode is poorly damped. The
phagoid period is approximately 50 seconds, It is known that a pilot can umu-
ally control oscillations of this type with little difficulty.

Figure I1I-19 is the tims history of a pilot-basic airframe combination.®
i{ coo- * The shape of the & response indicates that soms sort of augmentatiom is

L
T SRR b casite seew PARY LML wne

i hy

’

. # Ordinarily, for a step 6,, cormand input, the "computs switch® of the
analog computer is turned on, and the step function is introduced. However,
en the particular -equipment used, this method gives rise o switching transiemts,
To avoid these transients, the atep function is applied before ths ®computs
switch® is turned on. BSecause of this, the initial values of the traces for
G s £ ,and & are offset from the usual zero reference line; 1.0.p ¢
S,(0) #0 y£ (0) %0 , a0l Sp, (0}¥0. ;
’ This means that initially, the pilot is applying a control force creating :
) an error in pitch attitude, At some instant, Z#=x¢ , the pillot receives a
comaand to reduce this error to sero, In the steady state, G never reachss
sero, 1.8,y &,y #O0 , becouse ths system is not a zero positiun error system
@ and because of the threshold and deadband effects ircorporated in tis circuit,
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3 required to eliminate the large drop in © . The effects of augmentasion will

s o et A " e BN o

bs shown in another exasple, but for ths moxent, consider the influencs of the
pilot on the systea dynanics,

The pilut transfer function was given as

~Ts 7,.3*/
); Ke (‘ZS“)

The cemputer circultry for this transfer function is indicated in Figure IIT-20,

P L R

. Provisions are mads for vaiiation of A" and 7 since these constants are most .
apt to vary {rom one pilot to amother. The pllot indifference threshold and
a ¢ .trol system deadband are aiso included, The time histories in Figure
II1<19 are for A = 2 l4/rad, and 7 =0, Setting 7 =0 signifies that the
pllot ia flying strictly by position, i.e., by the magnitude of 6 , ard is
not using the rate of changs of G, .
Figure III-2\ shows the effect of using some rate judgnert (7, =1} The

e o ehok b4

B T R AL Lo

O most significant effect is a slight decrease in the short period damping ratio,
This is even nore evident in Figure III-22 vhers the rate judgment time com-
stant has been made equal to 2, The plot of normal acceleration &, thows that
the ahort period oscillation is not completely damped until 5 or 6 cycles hswe
besn completed, The decrease in damping indicates that the pllot is tending
to overcontrol the system at short period frequencies,

: Figure 1II-23 shows that increasing / to 3 seconds has s drastic erfect
on ths short period respcnse, The L.me histories indicate that the pllot,im
attempting to control the motlons, overcontrols the short peried mode and
builds up the short period oscillations to a point where the system bacomes
tnstable, Of course, no pilot would continue his efforts as long as is showm
in Figurs 117-23 (approximatsly 45 seconds) tut would release the stick ad
begin anew, ‘
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! Figures ITI-24 and II1-25 again show the effect of increasing the rate
H

Judgment time constent, in this instsnce with the pilot gain set at 40 1b/rad,

For this higher gain, the system becomes unstable at 7: =2,

) Figures II1-26 and III-27 are for the pilot gain A= 18 Ib/rad., with 7= O
! : and 1 sacond respectively. For the sams values of tims constant 7 , the high
! froquency damping is less than for the case in which A= 2 1bfrad., and at the .
same time, there seems to be ouly a slight improvement in the phugoid response.
(Compare Figures III-19 sad II1-26,)

The preceding figures were for a piiot~basic airfraws combination,

effects of augmentation on the system will now be investigated., FPor illustra-
In addi-

The

i tive purposes, an airframe with a tuck-under condition will be used,
i tion, the short period mods of the basic airframe is poorly damped, requiring

t

i: approximately 5 cycles to dmmp to & saall value, Stability derivatives are givem

5 in Table IIT-3. The time history of the airframe in this condition is shown in -)
! Figure III-28, The divor;lng phugoid and poorly damped short period are clearly N

1 | visible in the traces.

;! U= N5 %= - 126

i A" 160 - X3 = 40296
! M= S PN T i
1 Az -2 Z,=~3.13 .
§ ‘ Mo=.omm 2= -19

N o1 3
§ Y= =5 ' ,

Airframe Paramsters Used in Figures I1I-28 through ITI-50
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Figure III-29 indicates the difficulty which the pilot encounters in trying
to control such an airplane. The short period oscillations are still pronounced
and the diverzing phugoid cannot be controlled,

Consider first the plmgoid divergence. (I1I-28) showed that by using &
augmentation, the tuck-under tendency can be eliminsted. This is shown in
Figures I1I-30, III-31, and III-32, In Pigure III-30, the amount of & augoen-
tation 1s given by Z,=.00. Then

=

2, =2, +2 = = 0743 +.040 = - .0343

> L

(I-4s) |4, = M, » M,

=M, +KZ = ~.0/6¢ +(.38{.040) = -.00/2

b

(III-48) g'= g ( za,'vc - M,zv)
= g[(-.0343)~.02)~ (-.00L2X-3.13}
- —,003/¢

Since £ 4s atill negative, the phugold should still diverge. This can be

ssen in the figure,
In Pigure III-31, Z, = JO45
and

(11-47) £’ gl-.0393)-.02) - (+.0007X-3./3)] = +.003¢

Thus for this case, the phugoid is stabilised, as shown in Figure III-31, Ia
?1gurom-32,ﬂnvduoot2,; has been increased to 050 with mo noticeabls

improvement in the phugoid response,
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Section 3 GELFIDENTIAL -

,.
B PR L ST

Although the phugoid has been stobilized ky & augmentation, the high fre- 7

quency cecillations are still evident with the damping ratio decreasing as the
«® auymentation is incrcased. The high frequency oscillations are damped out
by using 3, agmentation as shown in Figure ITI-3). The short period oscilla-
tions have been climinated, and jor &.*.Ooiounapte-nwehm
and has no largs overshocts, Pormyva]mnt?;t smaller than ths one given, .
the short period oscillations persist for a few cycles, the muber of cycles
depuningmmmmorzi.

Figuws ITI-34 shows the effect of 2, fecdback. Note that the haight of
ma,paa:manz,,. is increased while the magnitude of the applied
force stays constant, This would tond to indicate that the stick force per g

e

increases as the &, feedback is increased,
This fact is wore evident when the tao degres of freedom short period

«

"Lé = 2&’* ast <8
(ITI-AB)e

Ay e
TN OO DR WU et el 1} IR A I P AT

w
BeMauwr+ M rtM;0+ M.

— P

: & a__...—_.dr-“é.z.z_y(s" a’s*..,
1 : (m9) ‘-&“ & ("’2‘4,"’:)

A ; g = =(M;+ M)
f h _a.j--{q/z,‘)(u,,zfu,,z,) 0
NN RVRVTS S ‘
£ = (2 qae e )/ 24, D

y ¥ See Reference &, (ITI-24) and (ITI-10).
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COFBENTIAL  sucesens
D Roting that the change in load factar in g wnit 1is
H a‘
(II1-50) An = — %

! )

and that the total clevator deflection (assuning only 3, feedbuck) is

4
(I-51) 5, = 5, + Kaoyde =5~ g/,,An

{_‘ %
: then
5 An =‘g&(3’+ 2,3 +do )
_‘ N /A TAT A S IR
; 2 (+23+3) &
, _ Ze (5
| T 87 = o P a2l b RIS R
% state valus of
’; O Letting E be a step inpat, Lue, £=/5//K, 5 the stesty

Anis

Z;, 3, 51
(Im-54) Ang = a2t 3 K

or

—— "
thmm;@‘
. - ,,_..M
1] [}
L[]

Bl 9%, K a-b)
An Z.d,

{(111-55)

For the condition chosen,
2"&. = - 58,692

o = 136
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Section 3 ﬁv.éﬁ’ i uﬁ iﬁl.
Conuider firet the cass vhers A, = 0; thea “)
‘ 81 _ G2.20/600-13.6) _ , .o .
: A» (-58692) : %
) For the case where /Qﬁ: +0000532, .
32.2X160)[(. é -/3.
; E; _ (2.2Xr50)[( ggoasaz)( 58,692) ~ 13.6) = 167 1)y
.le - ¢ ] 692
. Bote that while the slope of the curve of the stick force wersis change in load .
factor increases as the amount ofd;toodback is increased, the system responss

Lo o T
L ]

‘time also incresses.
an alternate method of raising the stick force per g gradient without chang-
ing the system respomse is evident in (IX1-55). This equation indicates that
A, , the control system spring constant, can be increased to raiss 15| /an.
I!’,lt.ﬂns-atin,thopﬂntgdnlfuimromdto‘kupthautioo!l(to
K&m,tuMnmnnMdmdnmgdmtheuﬁoor
&, to § will remain unchanged, as shown in (III-A0u). )
Tt is interesting o note that & augeentation is not required for this
c.a8, dus to the fact that as long as the phugoid is mot exponentially diverg-
ing, the pilot can dsp out these lung period oscillations. Of course, the
affort required to do this should not become extreme. m:lmimo.fﬂ:ox_nlot'l
force curve in Figure ITT-34 shows that the pilot is mot exerting much effort
10 reach a steady state value without overshooting or hating., This fact is
more evident when Pigures ITI-30 and IIT-3k are compared,
Augmeritation has improved the pllot's control over the airframe to a great -
axtent, but what has it done to the airframe itsslf? The effect of augmentation
on the basic airframe is présented in Pigure IIi-35. Thess time histories
oorrespond to a condition shers thsz pilot has iis hands ¢ff the control stick
and the airframs is disturbed by a vertical gust of wind. The contrast between
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Q mmug?§umnummmwmnnuanmmmnmmuu-gm*
tion, The diverging phugold modu has been stabilized and the short period

danping ratio has been increased to a point where the short period oscillatiom
disappears within ome cycle.
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Figure IIT-35, Response of Augmented Airframs to @ Gust Input
(zu"Q“” z""’ows’ 2.'-.@)

The question now ari>+s: what happens (o this optinised system wvhen the
pilot parsacters very due to fatigns, tenseness, or carilssscess? The sffocts
of pliot peremster variation are shown in Figures II1-36 through III-50,
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Figures ITI-36 through III-42 show the trend as the reaction time, T , is f:)
varied from .1 second to 1.5 seconds.® The normal variations of T for aircraft
pllots is expscted to be from .25 second to .8 second, It can be seen thet the
reaction time variation has no effect on the systea stability btut does influemce
the system response,
Consider Figure III-42, where 7=1,5 seconds, The pilot sess the error .
€, tuilding up from zero and realiszes that he should exert a certain force to
w this error down. However, he does not react until 1,5 seconds has elapsed.
By this time, 8 and G; have increased to siszable values. When the pilotis con~
trol finally becomes effective, O and &, graduslly decreass, In the end, 6,
for both 7=1,5 and 7= 0.3 will be the same, but initially, there will be a
larger §, for 7=1.5 thm for T=0.3, Since variations in 7T affect mainly
the initial error and do not affsct system siability, it can be concluded that
optimm augmentatior need not concern itself with the value of 7, { )
Figures III-i3 and III-4), 1llustrate again the fact that increasing the
vate judgeent time constant 7, introduces high frequency oscillations, Of
course, these ehort period oscillations can be damped out by using move &,
mgnentation, Since most pllots fly by rate as well as by displacement, it
would perhaps be more realistic to migment the system with a certain smouvat of
rate Judgment included in the human pilot trancfer function,w#
Figure I1I-45 is for the smme conditions as in Figure IIT-34 except that
the pilot!s neuro-muscular lag time constant J, has been increased from .2 to -
1 second, Although the time constant has been Increased by a factor of five,

# For a step O, input, variation of T will vary the dead-time between

. signal perception and responss with little effect on tha shape of the response

curves, Therefore, for a study of the effects of 7, the error aignal 6, will

be initiated when &, thé airframe pitch attituds, is disturbed from G ,

whers €,,, is zero, The pilot then tends to control the airplane to bring O

back to zoro, Here again, it will be noted that €; never returms to sero, E

** The previous augmentation was done with zero rate judgment,
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¥igure I11-38, Rasponss of Pilot-Augmented Airfruws System to §
Disturbance for Conditions of Figure I1I~-29
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thers is practically ho chanpe in the system response curves. It is reasonable )
to expect then that system cupmentation can be accomplished by using ar average
vahzefor'l; ﬁihmdo_trhmtalaffectmthoﬁnalreaponsewheng varies o

Pigures ITI-46 throngh ITI-50 shew the effsct of varying the pilotls gain
tern X without 2 commensurate change in the spring constant K , i.e.; of
varying the system gain, as indicated in {III-40a). It will be noted that as
K 1s increased, all the quantities increase by proportionate mmounts. The

most significant point is that in the steady state, & more nearly approaches
O a8 K 1s increased, l.e.,6, decreases#® Bowever, there is an upper
1imit to X , since instabdlity will set in if K is made too large. This tremd
1s indicated in Figure III-50, where for A= 48, a second hamp, indicative of
decreased damping, can be seen in the 3, trece.

70 11lnstrate that augmentation can make two radically differcnt systems
; bebave similarly, another set of airframs conditions will be chosen. The air- ‘)
: freme parssoters are given in Muble III-4. Yor thess valwr «;, the airframe
J plugoid mods 1s of a very long period and lightly damped, whil the short pericd
mode is completely damped out in one cycle as iudicated in Figuro III-51. This
figure should be compared with Pignre III-28 to note the differences in the air-
frame respomses,

P
. .a ,'-1':-1""" haRLE

—— Gl e

“z A86 Z“’ ~el5 &’ -.005 -
x... - z" ~53 %: -.0002 .

:. ‘ X~ 029 2= 2.9 M= 1.0

, 1 : 2, - 172 M= 6.5
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Table IlT-h. Airframs Parameters Used in Pigures ITi-51 through IYT-56

R,

. )
. 'mmml,]bl"‘;.

N
R g

1
a2 f
o o apn - . —— - - P

L vl G RE S s T TLLE ST A Y £ B SRR AR o S, o
: .

P A

L ;,?:,2




w e e e
i - o - - -

e e v e
e SRS RN TR e T W@:ﬁ:&ww'w- R

3¢, (rad)
d
2
L

(\':: 1 etbely -
. g 0 2 LA LA
§ iR
- < =30 1\
3 3

. '-r.';:\,.:“;
'

H
e
K
[

e it 2 £ 77N R T o S

u{£t/sec)
5
A

W

5.75 ——: —
5 : RN

-5.75 pid : Tt
-11.50 : 1. . : R P

¢«
Fp(lb)

gr e 2

1}

'I
Ty
i

2o SEL b e L

SRR
T B I T e

8 (rad)

3
1
O

3341

“Qlo _; -.. ; Z .-

: “1;'.
Tt

. .075 ? - - ™
L0850 Ly, .' =

H
1

,025 45 t-yg"—m!w.-li' i i = ,~":.= SFF
ool 1t

-
Pzt meyar ,"-Wf.m-.-w.mw:;:ﬂémﬂ'”imf!‘ﬂﬂggmgﬁ'{ Dihs s N
o
i
ey
t
1
.
[}

9{rad)

o

tikitehti

t (2 sec/div.) —e

O L T PR

Figure IIX-43, Reaponse of Pilot-Augmented Air{rame Syatem to Step Opp¢
Command for Conditionas of Figure I1I1-29 except T, 1 sec.

‘ab"f' RN TOE 4y ST

oL

CCFDETIAL i

VRO mmd et wemks et nama e

YRS

e e e T VO T '
. TR AT am e e B

.t . -
) N : RS
: N o R N
" Y T T
A v "
v




C e e -

o
Vi
! : )
: msamamcy
Section 3 Vbud —Jmim
= . I =T I~ N ™
- a b , : )
~ 0 = 4
§ -.00 R
’ - 23:
t -.m s .;:_T-‘
H ‘r‘\ 2 = :
¢ 4 3 = =
2 SE :
& e = .
<% 50 E
o =4
i N 10 E ‘
{ ° 0 2 :
2 ~10 o
3 ~20
3
1 o~ 5075 ._:‘ _-:
g 0 E=
A == "')
3 3
e
[
)

© e e v —— - a—

8(rad)

caninthih

; - t (2 sec/iiv,) — =

i Figure ITi-46. Response of leot-Angmented Airframe System-to Step
- 8 rer Comnand for Conditions of Figure I11-29

! oxcept K= 2. )
qi

§ P ‘
S b3 s &) Co ey

?ed i vaad

.
S
e bakie s o




VIS e

)

H Ao

nem

%&f

g | 'A.

oA =

0 -

.01 =

Sg, (rad)

a,(ft/ sec?)

u(rt/sec)
5
1

=5.75

¥,,(1b)

-ll. 50

«20

«10

6, (rud)
o

075
050

025

8(red)

f r { ]
‘x-_xfi"x SEEEcHEaaARERS
SENSAHEEENN ]
T AT T
] eEELAcEOEEEGE
EEFCErEFC A%
SR O e
EEERE: HE ASL T EIEEE
e H* ARG EREEREE
SEGNENNEENEEEE e
R S aEEvEAREEEEEC
o5 E D LT

Figure III-47.

t (2 sec/div.) -

3ection 3

Response of i-ilot~iuziented .irfrine 5 sten to Step 9y0r

Comaand for Coaditions of Figzure Iii-29 sxcept X =20,

eC-TREAL

. Ay

III-65

Ve

,
N ot B et S ety




e '&Wm;r_ SREE
R S R N o 0 (I o ey e

- EoTETAL -

3
AN 2 Y N 0 AN
oSkl SEEFE 3
i e e < )
| SRR
-.02 e e e W
AR =R S

SEs -~
i-:-:-’.? = No
B = I L Aod o=y =y
wERUATERE  $ -
wESHEELELEREE &
=30 =y e st a 1o
EEREEREES -
pmfand g ) S ===
WEEEIVEEEEEE A o Ea b
R 5 B o R = =f- 4 0:—:"—:"' B = 5 v
e R BT e e e e L e Q S SN ‘
T e e S 53 5 E Y e e e e e = ;
X — o B e «20 :,:,: = !
—20= e et=t = ':r‘y e e ;
i

| e e S X T = _. T
5075—~—_ '.-..-.:_:_: — = _,: l:.r' N = H
oo e S e e N Y xRN ‘_‘ === '
5.5 e e e 2] S BE=E N)
R e S S e B A B A .‘p, =5. 75 .L.]M_ = 5 -
J == =E=E—tsE NS0
! A ~

| REE e
,m___Li u' ;,--.,

§ (rad)

)

oL -
cosci_i _.—-_‘;1_ .._.L._::_.. :_;:-:; ”~~
sEEREEE e 3 = Jo
4 St eesrEeer ¢ ES=EESE
- Rt e ary B Tt g £ it b e foeo) Yoot cmpy ooy PR S50 =I=I=ET
‘QS‘E_: ESE = E otk oy =025¢= _L— 2 B 2 I 2 R B R
_.-L— oo f mm -f - va o ol - .- -

— e et

t (2 sec/div,) —e
i Figure I1I-48 . Figure III-49

Response of Pilot-Augmented Airframe ystew to Step 8pe¢ Command ;)
for Conditions of Figure III-2S.

q mss COTIIAL o

= LT A G n TV VARG vy ¢ TS 8 o SAr A smeies m s S a4 SNk e WA DR A me

Ma - - o

- - S e T e AT IR A Tn e AT B e SN 2
= /.5;’“' T ETRETEITTY v

. % :
[
- 4 P




4 )
5
H
4
P
1
A
5

"'n-:' ROE T

FORE

e A # T s o AN e 7o

a1 v SO P e B (AR T I IR T IR A R PR R R R

P S S

F(1b) u(£t/sec) ag(ft/8ec?) Se, (rad)

6y (rad)

6(rad)

Figurs III-50.

R TR Y

e

mmm

o u@’&wh&dkfﬁEL

O T ety Rt ae e Sechue gy -——»——-—.—L—,-—'\-._J “""

S i BRSPS e B s o o o s Sl Y N O O Y O I
JOL =1 =1 :_,;,k. : ’_ ——ad -
ST T eeER e S R S = o O I b
—__:.:."..'. N pete Sl Soddi N l_"_,_:.___.._. :_.__‘ ‘..:...' .:.'__
=0l = ys ST ey e g £ o0 e o
-R G ES = ===— sl R £ o e
A\

H=E | Jzs=== a0 - - f
RS0 7 e ey oy e o e e ey e e ot e o 3 e i
R e oy e e e s e g S
25 i iiEdses o e = g
et ol e S B o R L Bk 55 e
1 3= ! *""::' == \=

e o o e e o e e e e e v U B

— - . - —— -® - -

—=$ - P gt e

— - - - - o f—
e = e

H
'
|
'
g

- B 3N Sl 1 I T3 T
e B == =R 33 =
——d L o § = § e —

R R

-y —p—4
=t = i =]

e e

Y = =3 == == =
v e T T e =T = 4 =
JoEEEE e e
oL, Sees e i
= SR sERESE ==
LR E e ] —r-f--i—l—f_—.f—ﬁ:ﬂ-’.-

IR EN

ATRE

EE e o oy B P s B =

t (2 “c/u'o)——o

for Conditions of Figure ITI-29 except K=48,

"

Section 3

Response ofPﬂ»HnguntethoShp'ngu

m-67

1 20

i

o

. 4
N

ementtt )

+
[

(e

L4
S T S Srwnte

* ey wren

€




- - as wesey

@
W .
H
t
o

v \ ]
] 1 ‘ ,.
Fani N .

*1$~IIT eanfty
vHeIIT OTAEL JO SUOTITPUCY Jof INdUT 8WD § O3 sweazayy pejucudiveun Jo esucdsey  T4-III

<«—- (ATP/208 2) % . o

L% AT

%

ey,

B SEoieiete) J.uﬂ LL #f , MR -

£3 AT RS e e s e o o ,..1 : S M —- m%va«
[ RISyt b et ¥ e SX 5 X vy B S e el o & B S B A = 2.~ -
SR e e B O N N N |

¢ AT R NN

3

v
]
.

‘.
tad
i
1
¥
oo
'
P
'
o
b
Y
[y
[}
b
\
—
t
i
[~
—

i
-
-t

1
e
—_—
e
P
]
—
==
e
o™
a
-
L
1
.
'
™~
4

S
ig
T e e A

Ty :i:ii,::ilﬁ.
/», // le
.,

'§1

}
v
1

1

=
: - 5t
T T LN B T s R - —— . ﬁx\ 5
L B I 2 ST o NI = e 3 N o 5 & ..
- “ T .W. ﬂuu..l%i. . K i I s - l.. 0 My e . ~ T wLMQ ~ ’
R e ] e T L 2 w....w.“ = 0
| BEEHES s o e T

PRR P 17 PR )

- _ o
e L L Lt I ~
Ve ElEvErs / I R ﬁw.tm.. N .
. S R R INTERAEEN \| -0 8 u -
IR I3 O Sl B PR B S 2L m Iwu ) »
..nmn.l.. = mrh.wmml,n.lh =1 -1 . < MJM 5 )
i iu.n s A feor o B Pt
- EEELEE P11 T 3 Lo
.m NHM\..‘\...\\.IN" m\.l\y m W‘,..ﬂ .
3 . W,
A “
' s CUTIIETTT T L




—

N Abrms w4 kAl s

At s 1 sam AN G O 5 TR S g I R DI PSE TI

(PSR

Calee~ .
T N et s Wt R v e o e

SN PITPRR N P ony: 2y
‘h 4 » i

3o
N wod b § Eu Section 3

4
1.
&y

Figure I1I-52 shows the time res:nuse of the pilov sttemnting to bring
t:he system up Lo & new pitch attitude. The curves are very similar to the ones
presented in Figure II1-19. Thore are a few short period wigszles in the tran-
sient stage and a long period cacillation about the steady state volue of O,
This figure should be compared with Figme ITI-29.

Using (III-55) the stick force per g value is approximately 9.4 1b/g. To
lower this value, it was found necessary tc feed back some pegative 3, besides
using 3, and ¢ augmentation to increase the system damping.

Figure ITI-53 gives the time ° istory of the pllot-airframe system with
what is considered optimom mgmentation for this craft. The similarity belween
Figure IIT-53 and Figure ITI-34 should be noted. The augnenting values used
in Figure III-53 are

- K red
Z. = .00 &4‘ K‘ -.000058 m
= Ky = OWS T

- N . L rad
L o K T T Reec?
- ;o= rad
Zy oW Yigg = T8 Ve

Although this was not a tuck-under condition, it was found necessary to
use soms U feedback. IThls can b seen from Figures III-54 and ITI-55. In
Figure IIT-54, with no & feedback, the © response tends to drift back cfter
reaching a peak. In Pigure ITI-55, with Z, = -,002, there is an initial sharp
rise in @, after wvhich © very slowly increases to the steady stste value,
Comparison of Pigures ITI-53, ITI-Sk, and III-55 shows that Z.= —0.0CL gives
the best responss,
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Ry WEF-S Ssction 3
.‘;g Figare ITI-S6 shows the equivalent airframe without pilot control when

disturbed by a vertical gust of wind. Note that the augmentation has stabil-
ized the system to a great extest, sliminating both phugoid and <hort period
oscillations completely. Compars Pigure III~556 with Figure III-51,

1
1 - (a) Unaugmented airframa of Table ITT-f.

3
10t (a') Augnmented airframe of Table III-%
. 000 foot vith:
3 ? ﬂ‘(l) 30, Ks, =160 1b/rad =2.8 1b/deg.
i 9% KaZZ:. = =015
\ I(,,z'-': «,00087 rad ‘
s \ tt7aec2 :
[ ;
\ (b) Unaugmented airframe of Table I1I-2.
7} \ (b') Unsugnented airframs of Table ITI-2 :
\ except K5, increased to 245
*f* ol \ 1/rad £ 4.3 1b/deg.
i ~ (c) Unaugmented airframe of Table IIX-3.
] < (l') b (')
a 51a.91 00— — — 0 (c') Augmented wirframe of Table ITI-3
"g withs
3 .,l 3 4} \ x‘, = I.W/r:d 8.2 1b/deg.
‘x’ * Tt /5002
s} 3.21\\&) 20,000 foet
3 \
. 2} \
\
; . A 1.19® (c) 10,000 fost

0 05 06 .1 C. .9
Xach Fumbsx

cisds

digare II1-57. Effects of Augmentation on Stick Morce per g
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It will be cf interest at this point to investipate ithe cffects of aup- }
mentation un the stick force per g wvalues for the three set: of alrframe
parameters considered. Using (JII-%5), the points in Figare IXI-57 have been
caleulated for both aupuented and wnaupgmented airframes, MNote that by using
both 8, augmentation and variation of K; , the stick force per g character-
istic can be made the same for all three canditicis., Yhe level of the constant .
stick force per g curve can be chifted up or down by merely varying K,‘.
In conclusion, it can be sald that by the method of sguivalent stabllity
derivatives and analog computer simulation, a complete prelinminary study cam
be made to determine what sort of equalization is required to optimize the
pilot-airframe systez of Figure ITT-2. From this mreliminary study, the var-
iation of K, » A s X, 2 Ko, s K » K, and A with Nach masber and
altitude can be estimated., The problem of system mechanization then remains,

SECTION & ~ SYSTY MECHANIZATION 3
From all indicatiocns, the gains of the feedback guantities will have 4o
be programmed with Mach musber and altitule and/or dynasic pressure in order
t0 establinh optimme response characteristics for differsat fight conditions,
This type of mechanization has not proved to be of agy difficulty in the past
mdshonldmtmmtavmm
1t remains then to select the sensors and actuators to be nsed in the -
equalizatibn, Consider first the sensors. For the equalization chosen, thers
need be only a normal accelarometer and sowe sort of forward velocity pickup
to give output voltages proportional to & and &« . These waltzzes, when sent
through variable rate circuits, will give voltages proporticnal to 4, and &
as well as @, snd © as shown in Figurs III-58, -
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Vs,
<~—— —] Rate | Vo, | Normal
@y Clreuit Accelerometer
Va,
S Basic -~ By
k Adrframe >
. i
v, .
R s | Rate Vu Forward
| Circuit[® Velocity [
u Pickup

Figure II1-58, Block Diagram Showing the Generation of

Voltages Proportionate to u, &, ag, and ‘i‘-

N la s e wady s

{"; Consio.r now {, and V), « They can be used as activating signals for 1
- fores producing device in place of the commonly accepted bobweights, centering

springs, etc.,if it is s0 desireds The force producing device could be a
hydraulic cylinder with an electrically operated valve. The piston rod attached

-~ -~ L L

to the control stick can bes made to cxert a feel force proportional to E' and
¥, s indicated in Figure III-59.

j . F 'hd Fp"? ‘z.?\l
1 ¥ F [Variable | b, ;
P 3 L Spring SR ‘
. - LConstant |
FaytFa Va
Force -
Producer |* r
Vay
Pigure II1-59, Block Diagram Showing Mechanization of u
{ and ay Force Feedbacks to the Stick
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The variations in K. , the control system spring constant, can be accom~ e
Plished by nsing a bellows arrangement which effectively incresses the spring
constant as dynaaic pressure ia increased, Yhe values for /(,‘ given in Figure

I31-57 are satisfied by

(rx-56) 4 = (2 + 0.007 f‘) 1n/deg.

b))

whars

$c = dmanic pressure (X/1t2).
f; The motion stability augeenter 15 arranged in a series installation with
the other components of the control system. That is, any deflections of the
elevator cmused by the wotion stefility swgwenter ars not reflected back through
the spring, this is desirable since the main purpose of the motion stability
mgnenter 13 1o damp out wmanted airframs motions, The pilot should not be
annoyed by mexpected stick deflecticas whenever the elevator is moved by the "}
stability amgmenter. ° ‘

The activating signals for the motion angmenter come from V, , V; , %'.
-n\g‘. These signals control an electrically operated hydraalic cylinder
whose outpat motion deflects the elevator., The coaplete pllot-equivalent air-
frane system is shown in Pigure ITI-60. ‘v

An imporiant point to be considered is that the sensors and actuators are
w0t perfect] i,e,, they contain inherent lags, thresholds, anl other nomlinear-
ities, The final system configuration wust be based on a stud; which includes .
a1l these eifects plus any sdditional equalization tast is required to compen

sate for the component lags.
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Figure ITI-60, Blocl. Diagram of Pilot-Equivalent Airframe System
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@ DESIGN CRITERIA
SECTION 1 - INTRODUCTION

AL the proseni time, there are severil sets of requirements for the flying
qualities of plloted aircratt, The purpose of this chapler is to integrats and
codify these requiremsnts.
- Section 2 presents a general discussion of the requirements, and Sections

3 and 4 give more detalled discussions devoted respectively to the longitudinal
: and lateral-directional requirements., Section 5 includes scme recommendations
and suggestions for further study.

It was pointed out in Chapter III that the present specifications Ior Ilp-
ing qualities of piloted aircraft have been based on a serles of flight test
investigations and on the resulting pilots' opinions., On the basis of thess

H

|

f, SECTION 2 - GENERAL DISCUSSION
!

i

C studies, and bearing in mind such factors as
#‘ i 1. Pilot.safety and comfort,

é 2. Pilot capabilities,
3 3. Airframe safety,

;: 4o M¥Mansuverability, aml

i. 5. Base of malntaining a glven attitude,
desirable stability and contral characteristics can be formilated, These char-
acteristics are codified in Tables IV] and IV-2 and are more fully discussed

{ : in Sections 3 and 4, Tables are appended at the end of this chapter.

SECTION 3 - LONGITUDINAL RSQUINEMENYS
; b ' The pilot-equivalent airframe system is shown as a block diagrsa in Fig-
' ure I¥-2
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Figure I¥-2, Block Diagram of Pilot-Equivalent Airframe
{Lorgitudinal) System

The longitudinal requiremeats for stability and control given in Table IV-1
should be examined with this figure in mind,
(a) DYNAMIC STABILITY

Consider first the dynamic atability specification. Ia essence, this
requiresent stutea that the oscillations of u , &, , €, and & following &
disturbance should die out in a reasonably short time. The disturbance may be
w, uutmeminm@tthmgnm;h&, or it nay be internal,
as 1s the cass when the pilot applies & control force.

As indicated in Table IV-1, all the factors given in Section 2 must be )
considered in ths specification for short period dynamic oscillations, From )
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¥ . present time, there are several sets of requirements for the flying
qualities ur piloted aircraft, The purpose of this chapter is to integrate and
codify these requirements.

Section 2 presents a general discussion of the requiremmts, and Yections
3 and & give more detailed discussions devoted respectively to the longitudinal
and lateral-directional requiremsnts, Section 5 includes some recommendstions
and suggestions for further study.

SECTION 2 -~ GENERAL DISCUSSION '

It vas pointed out in Chapter III that the present specifications for fly-
ing qualities of piloted aircraft have been based cn 2 series of flight test
investigations and on the resulting pllots' opinions, On the basis of these
studles, and bearing in mind such factors as
Pilot. safety and comloxt,
Pilot capabilities,
Airframe safety,
Kanevverability, ad

5. Zase of maintaining a given attitude,
desirable stabllity and control charscterisiics can be formlated, These char-
acteﬁ:ticamcodiﬁodinhblul’-land!hzandmmfnnydim;aed
in Secticas 3 and 4. Tables are appended at the end of this chapter,

A

SECTION 3 - IONGITUDINAL REQUIREMENTS
The pllot~equivalent mnumzunm“..m—ammnr
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External
Disturbance
‘ Pilot!s Applied Stick ,
Force 7 ,—Force | E——
F ’ S e 2y
N L Fs Control. 8,4 5, |Basic -9 .
_—.@——‘ ystem > ;}—-—’ Ay~
[— Dynamics 'ﬁ + frame ‘—v d
S, : .
Fr 7 Y ﬁ )
Motion
Stability [
&9_2 Various Airframe
Feedbacks
Force
Stability

Various Airframs
Augmenter Peedbacl

——— Equivalent Xirframs ----—-— —7° -

& [ Figure IV-2, Block Diagram of Pilot-Equivalent AirIrsme
(Longitudinal) System

.

The longitudinal requirements for stability and control given in Table I¥-1

] i Mldbeexm*.ncdwiththi:sngnreindnd.
’ (a) DINAMIC STABILITY

f Consider first the dynamic stability specification. In essence, tris ’
| requirement states that the oscillations of U o @y » O, ad W following a

disturbance should die out in a rea. mably short time. The disturbance may be

morna.l, as i3 the case in flight through rough air, or it may be internal,

r | as is the cass when the pliot aprlies & contral force.
f as indicated in Table IV-1, all the factors given in Section 2 mst be )
considered in the specification for short period dynamic oscillations. From
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Section 3

the standpoint of pilot safety and confort, it is obvious that any sustained
oscillations of normal acceleratiom actires on the pilot can become quite uncom-
fortable, possibly leading to vertipgo and loss c¢f control, For this rew.som,
the short period should be heavily daped.

Another reason for requiring heavy damping for the short period is the
limit of the pilotts capabilities. ihen the frequency of oscillation reaches
approximately one cy:le per second, the lmuan pllot is not capable of control-
ling the oscillation mmiess the oscillatory mode is well damped to begin with,
This fact was illustrated in Figores I11..29, I111-30, I13-20, acd III-32.

The neec for heavy damping of the short period normal acceleration oscile-
lation is most easily appreciated from the standpoint of airframe safety, Con-
sider the case where an airframe which is unstable in the shori period mode is
excited by a gust of wind. The disastrous effect of a diverging short period
oscillation is apparert,

With regard to mapeuverability, well-dampe” airframe oscillatory modes lead
naturally to minimization of mmting when new stear state attitudes ure sought.

At the moment, the degree of damping required for ihe jlwgoid mode is con=
Jectural, As long as the phrgoid wode is not divorging or is not left wncon-
trolled, the rilot is not bothered nor is the performeance of any specific mis-
sion hampered, However, if the lighily damped phmpold nscillation is not con=
trolled, the pilot is apt to become airsick. To prevent this, thes pilot can
usually damp out the phugoid oscillation by cockpit control movements.

However, if the pilot is to control the phugoid when the oscillations begin,
hs must consciously set out to do so, Unlik the short period mode, thera are
1o noticeable acceleration forces acting on the pilot's body in the phugoid modes
The only indication which the pilot recelves of an oscillatory phugoid mode is
from the cockpit instruments, e.g., the airspeed indicator,
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“‘"‘%ﬁ:‘ﬁ' in the event that future investigaticns show that the phwpold

mode must be dampsd, the equivalent alirfrume should te designed mo as to have
the desired pnugoid charscteristics,
(b) STATIC STABILITY

In terms of the equivalent airframe block diagram, the static stability
requirament states that = pull force, g » exerted by the pilot, shich results

in an up-elevator movement, will cause a negative u (U/={}+u; U=totadl

forward speed, {=trim forward speed, «=~incremental forward speed). Purther-
more, when the pilot has his hands off the stick, i.e., when 5= O , any per~
turbation, &« , from trim forward speed due to any sort of external disturbance
should reduce to mero,

o

_Fp | Equivalent b
Airfrane

Figure IV-3, Block Diagram Used to Illustrate
Static Stability Requirement

The first requirement simplifies the control movements required to initi-
ate a change in trin speed. This follows from the fact that a change in lewel
flight trim speed is always accompanied by a change in mgle of attack. The
direction of control displacement required to trim at ithe new angle of attack
curresponds to that nesded to start a rotation in pitch,

The second stacic stabllity requirement facilitates the task of maintain-
ing a steady attitude by eliminating the need for constant monivoring of the
cockpit controls.

(c) ZLEVATOR CONTROL EFFECTIVENESS
The requirement that the elevtor contrul be powerful encugh to develop
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maximam J1f% coefiicient or desigrn load factor insures that the airplane can
perform up to its aercdynamic and/or structural design limits,

The landing requirexzent is possibly the most critical imposed on the ele-
vator. When the airplane is close to the ground, more up-elevator is required
to trim at a given attitude because of the reduction of downwash or the t&il
from the wing., The greatest up-elevator is required at the most forward center
of gravity position ai near stall conditions., If the elevator comtmol is suffi-
clent to meet this requirement, it will most likely satisfy the take-off require-
ments which specify that the elevator must have sufficient control to maintain
the plane in the proper take-off attitude during the ground rw,

(d) XLEVATOR CONTROL FORCES

The slevator control forces are specified to insure that the forces required
of the pilot are at all times within the limits of his capabiliities. Further-
more, in certain critical cases, i.e., landing and take-off, the forces should
be such that one-handed flying is possible, However, if the forces required are

made too low, the structural safety of the airplane will be endangered. This is
reflected in the stick force per g requirement,

B Equivalent | 40> ~ag/g
| Alrframe .

Pigure IV-4, Block Diagram Used to Illust _ta Stick
Force mer g Requireaent

The force requirements state that an increase in pull force, 5 in Figure
V-4, should produce an increase in normal sccelerstion, 47 , md that the
ratio of £ to Jn should be greater than 3 1b /g, Assume for the moment that

£/4n s 1 1bfg. Then if the milot exerts a force of 10 pounds on the cockpit
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Section 3 GOLNIDEENIAL
; control, An will be 10 g's, For an airplane which has a limdit 1oad factor of, é

say; 8 g's; a 10 g change in normal acceleration can lead to structural failure.
For this reason, the £ /A7 ratio has a minimm linit specified,

The atove force requirements are for steady turms and puil-ups in which
the .forces are approximately proportional to the changes in normal acceleration.
However, in sudden pull-up mansuvers, the chinge in normal acceleration depends
also on the elevator {and consequently on the applied force) rate of movement
and exhibits a large peaking effect, as shown in Figure IV-5,

(a) Steady Puli-Ups (b) Sudden Pull-Ups
Figure IV-5, Force-Normal Acceleration Relationchipe

Exanination of curve()in Figure IV-5 (b) reveals several interesting
points, First of all, the normal scceleration, 7, , at the time the elevatar
rate is reduced to soro gives no indication of the nmormal acceleration that will ‘)
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eventualiy be experienced. Second, if the elevator rate is high enough, the
maximm normal acceleration may occur alter the elevator rate is zero. Last, -
and wost important, 77, Rmay excaed the limit load factor altheugh n, is
wall below 7., < This last point makes it imperative from the standpoint of
alrframe safety that in any sudden pull-up maneuver, F,,m /n,,. be equal to
or greater than F/An for steady pull-ups.

The landing and take-off force reguirements allow for one~handed flying,
thus leaving the other hand free to perform other tasks. The force limits are
left at reasonably high values to prevent inadvertent stalls or near stalls,
(¢) ILONGITUDINAL TRIM

The trim change requirement states that the equivalent airframe o_utprt

mantities indicated in Pigure IV-6 should be as amall as possible for changes
in throttle, gear, or flap setting. This requirement minimizes ths effcrt

{ required of the pilot to maintain a trimsmed attitude during landing approaches.
1f ay trim changes do take place, ths force, 4, , required to maintain trim
should not be excessive,

b

j Throttle
2 o Gear
———— Flaps
)
4
Fp valent j——————= 1 = Perfurbation from trim forward speed
i idrfrae —————— Ah = Perturbation from trim altitude
8= Perturbatiocy from trim pitch angle
(~ 3 . FPigure IV-6, Block Diagram Used to Illustrate

Longitudinal frim Change Effects
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The trim requirement for sideslips facilitates the task of wmaintaining )
trim, W¥hen a rudder deflection is initiated in a wings leval fNight attitude,
a steady sideslip results. This in turn creates an increassd drag profile and
a reduction in alrspesd, Consequently, the 1ift force decreases and unless the -

Section &

trim change due to aldeslip is counteracted, a steady loss of altitude will

result. .
To cancel the loss in 1ift, a pull force should be required. A pull fores

gves yore up-elevator and an increased angle of attuck which leads to mn

increase in 1lift, The force required to maintain altitude in stesdy sideslips

should be low encugh so that it will not fatigue *we pilot wvhen applied for mxy

appreciable length of tiwe,
The steady state error in forwanl velocity and flight path angle specified

in the trim requirements defines the amount of apparent friction in the clevator

contral circunit. The limitations tend to insure maintenmnce of trim speed amdl “‘)

vt

u

“ attitude,
§ \ (£) TORGITUDINAL THINCING DEYVICES

. The longitodinal trimming devices are used for the expcsss uposs of redec—
ing the elevatar contral forces to serv to relieve the pilot of continmous sttem-
‘ tion to the cockpit coutrols whils maintaining a constant fight attitude. They
‘ , should be irreversible ard should hold a given setting indefinitely or witil

it =chenged mamuallye

L

SECTION 4 - LATERAI-DIRECTIONAL REQUINEMENTS
The pilot-sirframs block diagram for the lateral-directicnsl cave, Pigare
IV-7, is similar to the longitadinal bWock disgram (Pigmre I¥-2)e
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Various Airframe Feedbacks

: Various Airfr:
: Lateral Force Laterzl Motion |, Feedbacks
Stability Augmenter Stability Augmenter

Lateral Coztrol "
+ Syst.em Dynamics

Basic
! ' y frane -

1 * Directional 5&.4- Se -7
Control System
Dynamics

n A

Se | {Iwmal V 1
" Disturbance

Directional Motion ‘Variona
Stability Augmenter
U Airframe
P’ Feodbacks

Directional Force Various Airframe Feedbacks
f Stability Augmenter
[ 4

‘ » l,= Equivalent Airframe

Figure I'<Y, Block Disgram of Pilot-Equivalent Airframs
3 (Lateral-Directicnal) System

(s) DYMMAMIC STABILITY

Both the lateral and the diractiona). axes are included in the block dta-
gram becauss of the close coupling effects of the two axes; i.e. a rcil can
set up & yaw and vice versi, The Dutch roll oscillatica is an example of a
condition in which the airplane exhibits oscillations in roll, yaw, and side~-
slip, all st the same tims, Any sustainsd Dutch roil oscillations are ndesiw-

1
ﬁ } sble because the laterzl acceleratirus may become uncomfortable. Furthermors,

(‘_. controlled mmeuvers are made more difficult if the airplane goes into Dutch
roll oscillations each time a control force, 5 or 5, , is applied,
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Extersive investigations in the last few years bave indicated that pilots
prefer s higher degree of dsmping than is currently specified ® Note that the
specifications of References 7 and 9 depend on certain Dutch roll parameters.,
Rctm?naenrolltoaidoaﬁpanglemdmntoyaaaglemtiosaspara-
meters. Using these parameters, a definite bountary between unsatisfactory and
satisfactory Dutch roll damping was established.for cme given flight conditiom,
To account for flight at different speeds and altitndes, Reference 7 uses roll
angle to equivalent side wvelocity as a paramster,

One point to be noted is that regardless of the damping there is an upper
linit on roll to side velocity ratio. It was fownd that a &/, ratio of .55
deg/fps or less was completely satisfactory to the pilots; a @/ ratio of
75 deg/fps or 1ess was only tolershle; and a J/Ag ratio greater than .75
deg/Ips was intolerable.

o important considerstion must be examined at this point. It has beem
found practical and desirable to eliminate sideslip due to external disturbances
by wsing automatic stability augmentation. When sideslip is eliminated, the so-
called Dutch roll oscillation no longer exisis, iawalidating the graph in Fig-
ure IV-1 and also the use of @/ and /B retins as parameters in specifying
lateral-directional dymamic stability.

In the svent that Dutch roll is elinminated %y reducing sideslip due to
external disturbances, a new set of dynamic stasiiixy requirements should be
specifisd, Thess requirements are that the daxping of the roll and yaw oscil-
lations should be greater thm, or squal to, 0.50. Preferably deadbeat rolls
into turns should follow a comsand input, *

The spiral stability requirement is intended to aid the pilot in flying a
steady course, During extensive instrument flying or when the pilot mmst read

Y

- 'mrimeN«l,Mthmm&motchucm.
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D maps, work navigation problems, ccasult radlo facilities handbooka, etc., 3% is

impossible to keep the airplane from diverging spirally. To aid the pilot in
his task of keeping the spiral divergence to 2 minimum, 20 seconds has been sug-

o vemten o

gested as an acceptable time limit for the spiral motion to double amplitude

raiher than the 4 seconds presently specified. An even more desirable character—
. istic would bs to have an equivalent airframes that does not exhibit a spiral

divergence,

o ———
LIS

(b) STATIC DIRECTIONAL STABILITY

The first static directional. stability requirement states that a right
rudder pedal force, resulting in a right rudder deflection, should give a left '
sideslip; i.e., pushing on the right pedal should tend to produce a directional
change to the right (see Figure IV-8). This is a desirable characteristic since

the direction of control motion corresponds to the resulting direction of

{ response,
. Pedal Budder Sideslip
/ Force Deflection Angle

SH- Basic ":

Fpe + | Directional Control | ‘ ‘
—_’Q‘?__—"‘ System Dynamics A &n"“: l

y (

Directional Motion

Feedbacks

Directional Force le
Stability Augmenter | various Airframe Feedbacks

o amy—

Figurs IV-8, Block Dizzran Used to Illnstrate

Static Directional Stability ) -
( Purthermore, when the rudder pedel force is released, the airplane should
f tend to rsturn to s zero sideslip attitude.
c e 511
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The adverss yaw requirement, if met, will tend to simplify the maneuver of %3

making coordinated turms. When rolling into a turn, a yawing moment, due to tha

S eae s e e gt & vt AU U b,

aileron deflection and to the inclination of the 1ift vectors on the wings, is

WAL BB e ket Pt g OS5

3 developed which tends to make the downgoing wing move forward. Consequently,

} in a right roll and turn, the yawing moment tends to move the nose left, or it

produces a right sideslip., The pilot must then apply right rudder to offsst .

this adverse yaw sffect and zeduce the sideslip to sero. Obviously, high rudder

fixsd directional stability, i.e., =mall sideslip due to aileron, wiil make

coordinated turns easier, Here again, the use of a sideslip stability augmenter

will reduce the adverses yawr effect,

(c) DIHEDRAL EFFECY

~ Positive dihedral effect is a phenomenon in which left rolls are produced

3 Yy steady right sideslips; i.e., the leading wing is tipped up. In order to
kesp the wings level in sldeslips, it is required that aileron control deflection ‘)
xd force be directed toward the leading wing. Stated in another way, ailerom )
control deflection and force toward the right should produce right rolls {soe

1l remmn

Aijeron v Aileron Roll
/_ Contral Deflection Anglo—\
Force \

oo Lateral Control | &, Basie

P 3

R,

NS puria ¢ e wtE

-

=@ " System Dynamics )>- Arirane ;——-—‘T .

Lateral Motion
Stability Augmenter | Various Airframs
Feedbacks

. e
IV AT B e MG ma g e e5 o

[ Lateral Force N .
Stability Augmenter | Various Airframe Feedbacks

&

Pigure I¥-9. Block Diagram Used to Illustrate Dihedral Effect
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' As with the adverse yaw requirese.t. th~ rolling velocit *;" roguireaent will

also simplify coordinated turn maneuvers. Hers again, ine elEninaticn o1 side-
slip will make this requirement superflucus, However, for coxgpleteness, the
rolling velocity specification should be examined,

After the ailerons aredenectedmd:mnismmtod, 1y, tovard the
right, the adverse yaw effect will tend #c turn the nose to ths Rleft; i, a

Mmdrmdntmdtopro&wemﬁ@t sideslip and 30 O\,
nrda,negaﬁndbedrﬂeﬁacttwtotggrmtbwn&m

In other

nission. Thevﬂnesspeciﬁadinwn&:mthdmmh;

quate maneuvering controle
um:mmcm,ﬂmmmumm

mumawmm:mﬁmnwmm

urstion. These requirements are specified in Jabl: T¥-2 '

(e) RUDDER AD ATLERON CONTROL POICES
m'mwwsmmhmmmm
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upper limit on the rudder pedal force is apgroximately 90% of the maxin(é:rgrce )
that the average pilot can exert. Unlike toe longltudinal case, there is not
mch enphasis put on the foce remirements from the standpoint of airframe
safety.
(£) RUDDER AND AYLZRON TRTMMING DFYICES
As with the longitudinal trimwing devices, the lateral-directional trimming -
devices must te capable of reducing the contrcl forces to zero and of maintain-
ing a given setting indefinitely. * ‘ -
(z) APPARENT RUDDER AND AILERON CONTROL SYSTEM FRICTION :
Rather than specifying the friction force in the control circuits, the max-
imm allowable out-of-trim settings due to tiese forces are specified. This
allows for good centering characteristics for both the rudder and ailieron.

SECTION 5 ~ SUGGESTIONS FOR FUXTHER STUDY ‘
Most of the specifications presented in the preceding sections were based )
on subsonic flight investigations. The applicability of these specifications
for transonic and suparsonic flight must be examined.
Some points of interest to be examined, regardless of the speed regime,
e the transient feel problem, cockpit control diaplacements, and the use of
a motion stability augmenter to reduce sideslip from external causes to zero,
thus rodncjng the adverse yaw and rolling welocity reversal effects, ’ v
Retuming again to the question of flight through different speed regimes,
i.e., subsonic, transonic, and spersonic, the aerodynamic behavior of the air~
plane varies widely through each of these regions. This variation is evidenced
sven in flight at different Mach mumbers and altitudes in one speed regime, as
can be seen in Figures II1-18, ITI-26, III-36, and ITT-57.
This variation in asrodynamic behavior leads naturally to changes in the )
dymamic and static stability of the airplane and to changes in the control J
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forcas and displacements necessary to psrform certain mmnenvers. The over-all
effect is that the pilot mmst leamn each pattern of control foel cvres as he
passes from ons speed rangs to another. To 33y the leasi, this 1s confusing te
the pilot and cemplicates his opsrational rocedures,

It is not difficult to visualize the increase in pilot efficiency and
improvement in system performance if the xquivalent airframv were mads invar-
jant for a large rangs of fligit ronfigurations; that is, for ay control foree
or displacenent applied by the pilot on the cockplt control, the system responss
should be the sz regardiess of the flight conditiom.

At first glance, this requirement seems rather formidable, Howsver, the
results cbtained in Chapter IIX indicate that this invariant applied control-
mmmam&bmhwwwmaa;p. The dexire~
bility of establishing this wmiform control fesl response criterion for pilot-
airframs systams should be a fiald for future stady.
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CHRACTSUSTIC CNSIDETD REUTREMENT , ’w.
DIRAYIC STABILITY
. 1,2,3, Short period oseillstions of normal acceleration must be heavily dampad for all f1ight configuratione, 1,2
4,3 Stort peviod dmping vetis, 3., shoald be 3,,20.60 for optimn design.
1, 3 Phugotd osclllaticns shonid not de divergent, Preferczhly, the pinigoid daaping ratie snould be 3,2
* 0.20 for optimm design. * » %o > ?
STATIC STABILITY
Stick-fixed and stick-free static stabiifty for all flight configurations is required such thal increasing
o35 up elevator will reduce trim speed and such that with elevator fres, the airalane will tend to retum to 1,2
tria speed follwwing a disturbence.
ELSVAIOR CONTROL
EPFECTIVSASSS
Trin 3 Elevator control aust be sufficient to obtain and maintain steady flight at all flight configurations. 1,2
Tameurers & Elevator control mest be powerful enough to devslop maximum positive or negetive 1ift coefficient, o= 1,2
poaitive or negative limit load factor for all flight configurations. ’
Lending A3 nmmmuuthummommmmmwnmmW 1,2
. dftions with the wost forvard cemter of grevity position.
Elevater control mest be sufficient to maintain the airplane at any ground attitude up to take-off atti-
Take-Of2 A sude with sreatsst tail-heavy wuisht moment about the main wheels for tail-wheel airplawee or greslest nose~ 1,2
down skatir, woisht moment sbowt the main sheels for nose-wheel airplanes.
ELEVATOR CORIRCL
TFOECES i
2,34 Xlevator control forces for the atove conditions should not be exceedingly high nor should they be too lowe | 1,2
Increasing pull-forcss should produce increases in normal aceelerations
Neneuverss ‘lholmadhdsll'ﬂu.mhmnmelermrmcmdwldh.nawwimm
Stesdy Terms following ranges 10T iyt onfisurations and weight loadings:
ad Stesdy 2,34 3% 21 /(n1)< */g < 5t(n1) m;; for clase I, III, and IV airplanes® 1,2
ml-Ups 3£45/(n-1)< ¥/2 412/ (n-1) 1de/g for class II airplanse®
. Ix is doaige Yinit load factor in g wn'ts)
Maneavers: . ] umumwmm-u&mmmnmnmmmmnmm 1,2
Sudden Puli-Ups trimed straight flight should be greater tham or equal to F/g specified above.
The slewetor comtyol ill fores reguired to meet the landing roquirexent shouid te srester than 15 ibs
Landing 2,34 2 the most aft canter of grevity position and less than 35 1lbs at the most forward center of gravity 1,2,3
positien for class X and III and for all carrier based airplanes. For all other airplenes, the maximm
il Porce requived showid be less than 50 lbs.
The elsvator contyrol forcss for the take-off requiremunts should be less thmm:
zthwc}mXﬂmwtorMarricbueddrplmu} {tatl-wheel)
Tak 0T 2,34 35 1bs puek for 2l other sirplunes 1,2
ad
25 Ibe pull for 11it-off for class T and 11T and for all carrier based alrpimnes] (,,ge.aheel)
£C 1bs ) for 180%-c2l for all other airplanes
N - )
Trin changes at any speed dus to sny combanation of power, flap, or landing gear settings should Le
2,3,5 wirimized or serv if possible. There should be no reversal of trim. The elevator control forco required |- 3 5.9
g 1o conntaract aay trim change should be less than 20 ibs for class I, III, or IV airplenes or 30 lbs
for elase 11 airplmnes.
There should be ccbstantially wo trim change for less than 10P of sideslip, snd no more than 10 1bs of
2,5 pali-fares should be required for trim &t any aideslip angie which can be produced with 50 1bs of pedal 1,2,3
foree, ‘
Ay steady state error following a disturbance should not eaceed 2 myh In trim speed or 2,25° in fligt
s path mcle when the aircraft is trimmod for straight flight and the center ol gravity {s half-way betwesn 3
*} the most forwvard mnd most aft pesiticns.
TR WETRES
The trimeing device shcnld maintain & given setting indefinitsly unless changed intentionally. 1,2
3 The triming device should bs capsbls of reducing the slevator control force Lo sere, 3,2
fodle TW-1  Sedificatisn of lemgitetinal Equivalent Alrframe Stability md Control depiremarts tep'roduc_;e-éuhom
est available <0

Clsss I - Ligit Alrplumes
Class XI. — Pacrol, beavs atiatk, trenspoct, cargo, ste.
Class ITI = Pizhtcrs, stiack, dive bambers, etc. (shore besed - W-17

Clase IV - Figitars, gumeral-pwrpess aitack, eta., (skdp based COxAJENTIAL
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) CLARASTERTSTIC CORSIDEPEY TITREST =Y, ‘CELA:‘IF!ISTX‘:
DINIC STiEILITY ' MILDER CONTROL
- Duateh BaXd 24,5 Tre atoral-directional oscillation (Uetch roll) showld be staile, The dand.: 1,2,3, ETLIIVETSS
alould be in sccordence with Figure T¥-3 for all flight configrations, 7.3,9
: 3 .
3
-]
2
5_
;
= 40209
: et s
2
a ——— e
2 =% ATIR. . CONTAOR
3
~0.6
i
!
Spiral Node 29 The spirel divergmoe should mot dockds aplitude In lcss than 20 secsnds far a1 »
Night conditisss.
STATIC DIRRCIIONAL
STARILITY Redder-21med ad redder-free static directiemql stabdlity should be sech thet
&S increaning right vudder deflection intreases 15f% si‘eslip and such thet with 1,2
Teddars free the sirplacs will alvays tend 1o relum to trim cenditions ith WODOER AD AYLEROW
wings loval frem seady sidexdipe, CRTOL FOCES
Adverse Yin Bedder-Timsd static directismal stadility should be tiat the m<le af side-
R ) slip due to seddon sil-vom deflection is limiterd to less than 5° of sidestiy for 1,23
Boquirenent 2213 atleron dellection wbem 70lling eut of triemed steady 45° bemived turas,
Redder-froe static directimal stability on miti-enyine planes should be mech
s ihat with any ome sngine imcperetive, the airplane with rudder free may be bel~ 2
meed drectionally in steady straight Niight by sideslipiing a4 basiking.
PIHEDRAL EFPICY
Alleron-Tled and xilevon—fres ¢otitive dibedrail effect is required swch that
&5 atleron control deflection and ailerva camtrel force towrd the leadiny :dug is 3,2
mocessary o trin in steady sideslips.
Rolling Velscity The ¢Shedrul effect should aot be of sech 2 aatare that an excessively large BOEER QD AILZPON
Revercal &3 rolling mewent #ae t0 sise)in is developed, thus causing, a revermal of rolling 3,2 ANDG VIS
Bequiracesst walocity dus t0 sdcarss yeu ring rudier-fres silermm rells.
b § Nogative dihedral sffect which will increase aqy stemly siceslip is wot desireble. | 1, 2
The variation of side force with angle of sideslip shoald be woch that ri-ht skid-
P dirg turr.s sccompeny right mdder daflectine {and vice versa) vhen tir wings arv 1, 2 ——— e
held lavel amé the rwdder is deflacted fyom the positisn reguired for siraight APPARNT CONTHOW,
Dight. STSTA FRICTIUN
Reproduced from
best available copy,
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~ wr, CHACTEAISTI® TR RIS .
LR COTIROL #ﬁ‘i
1,2,3, EFF:CTIVERESS 5 K
74349 . The rwidee should give safficient directional . »ircl to bulance the sirplane in 1, 2
ead> snoalgit fllrht aith the wines ievel ‘n <) configurations,
<3 5 | Inive Jading oonfinousion, £:11 wudder deflection should produce at least 10° 1,2
AL =teaty siieslip,
The reder control in Soniunction with cther maans of control sixuld be zdequate
= 5 o mai=tain straight paths on the ground during take-»ffs and landings in croee~ 3,2
*«is and in worsal conditions,
5 5 The r=die= cartrol in coyfnction with other aesns of cantrol shouid be adequate 1,2
for taxiing on land and water,
The naldar contra) on smiti-engine alrpianes shotld be adequate to hold the a¥r-
3 ; place with & ser0 yadng wvelocity and not wore than 5° bark with axy one engzine 1 2
inoperellive,
<3 5 | The redier should be capable of overcouing the adverse yaw vhen tie airplme is 1,2
rollad alwuptly wut of steady &45° benked tums naing full aieron deflectinu.
ATIZROR CONTAOR. b S
IFTIVENESS [
idey 5 Posttive alleron deflection {rizht alleronu;, left alleron down) should always give 1, 2
e paak walne for roliine accelaration should occur in less then 3.75 o/¥
@ seccecs o 0,1 sscond, thichever is the greater, aftsr full aileron deflsction 1,2
is reaciad in a ruddep-locked rall,
ok 4’ The wextwars yoliing velocity obtained by a rudder-fixad atleron Geflectiom should 1, 2
1 At apFccaimktely }roportional 10 the silercu deflection from Lrime. “
, Tn rells fyen straight or turning flights with rudder fixsd, the aileron shouid de
L ] 1= 3 74 mffizia-tly poverful to produce a bank angle of 90° within 1 second afver the
allerom is deflected.
5 The ailavess should be poverful mough to kewp the wings level when any one engize | 1, 2
is iscowetive in 3 mlii-engine airplane.
L2 NXOS2 D ATLERN
OQUITROL POSCES
= A The radis> pedal forces for any flight canfiguretion and mmnewwer should ot 1,2
cxcead 23D 1ve,
The maimss aileron cootyo). force for the bank angle requiremsat shoall not
= 2 axcees Lha fallowing: 1,2
Xtaws ¥, 151, T 30 1bs stick force or 50 1be whesl fore:
L2 Cawe X1 J0 1bs stick force or 80 lbs wheel fures
=2 The alCacom suntrol forcs to aset the asymmstric power requiremst should ant 3, 2
xoeed tye forces specified above,
2,2 s g The aileren: contral force vs, stick or wheel deflection curve should be mcoth 3,2
and tae enough to retern the control to approximate trin poaition when released,
W AP JILTTON
1,2 ADMDY; EVILS -
= S The “rimaing device should maintein a given setting indefinitely wnless chuged 1,2
intecti-zatly,
2
R b S g The trisming device shwmld te capadle of redxing the elevator cantral force to 1,2
hoi?d be such that richt sidd- L0
e e ™ {12 APPARINT COMTHOG, -
pioa for
reuired sraigt ks .
The xow? of apparsat wdder and adlercn control ayatem frictiun sbonld pot de
=5 5 ¢ Rk 2n to can> the ontrals o stick $9 more than 1° of total ailercn or 2
- 20 ¢X sxier from trim poaition after having beun appliwd md simdy releassd 3
% sopresch: spiede
N Reproduced from }
COEAL e
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AFPENDIX ’wus beoold
’ HERIVATION OF AUGXINTED CHARASTERISTIC EQUATION OF THE EQUIVALEST ALRFRAME

The equadonsof aotion of the basic airfrauws are

3 = Xu* X 1 ~g0

&r=Zu+Z wf(LLfZ-)O'Z S.

. (-3
8 = Mu* Mw + Myir + M6 + M,
v
3y = @ -4 6
M(M),thetmsfcrmnmrehﬁnguud&,.to Sy may be derived,
These are®
Ju _ As"+Cs R,
S As+B3'+Cs"tDseF
(a-2)
r 3 3(Ays’ s B3t Co3 * Do)
> L_S, As+BS'+Cs%e Ds v £
viwre
B =X

PROGERET N

6 -2, (gMs * MsK, )+ M, (X~ g)
. B% g(MZ -2 M)

A‘.= 2y

B, F MZm 2 M

Cn. & Mq“z - Z‘(Z{M. - Xa%)

2 ean S ot YT VIIIL R B VI T s P

o -

¥ See Equations (L1i-1), (III-4), and (IIX-29) of Msthods of fnalyeie
{ Srathosis of Plioted Advorsdt Flight Control S7ysiess, Buler Report No.

KE=Gi=s 1, NOTLhrop airersit, luce, Howrhorue, Galiforais, Harch 1952,
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(a=5)

Appendix NS ML !fi

D, = -Mf2g +UlZ X~ REA]* ZjMg + YMX-MA]

C = MZ, ~YM,
D = -X, (M2~ YM,)- M, (%, 4 ~35)
E= g(ZM ~MZ2)

Consider now /S, in {A-2), letting

(a-3) S5t (K, + K;5)e

where

%’ is the elevator motion caused Yy the pilat
K, 1is the amount >f 4 feedback to the elevator through the fircs and

motion stablility augmenters
K: 3is the amouwnt of & fesdback to the elevator thrcuzh the force and

motion stability augmenters

Bs'+Cs+

(a-4) U A 1 B’ + C3+ D5 £ [5"* (K + Kish]

u B,s'* cs+4,
a" “39,33" Cs*+ Ds f[)‘-(&f&sXB«:‘fq.’ 04)

22T o0

CCilE

T
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e T Appeniix
i (4-5)
(Cm) - ‘g‘vst* Cus + 4
. As'+ (B~ K. B,)5°+ (O-K 8~ Ky C s H{D-K G- )5 7 (£~ K, )
i B+ G5 * D
i S AT (DY BB (CH A ) (sz;,m%}sf(fmg,)
X . ¢
K: b
g Fron (A-35) ana (&Q), !
1% :
E A, =~K B =-KEX, o
£ il AR =K, G, = K T (oM MR-, (4X0-9]] f
é - DE=-KG =gk (B M,~MZ)" 1
| -
£
| [88; =~K;B, =~ KEXy
W ac; = - K6 = K2 (oM + MR- M X9l
é AR~ Kl = Kaq(Z’,,M.'M;,L)
. Bow constder 5,/5 in (4-2), letting :
-y 8) 5, =5 + (K Ki3)a,
!
) % Ag'uthommto!a, feedback to the slevator tarough the forve and
¥
f motion stabilicy mmtm
T ¥ Ses (111-28).
: { " 3¢s (I1I-20).
5 RS as bl S - A3
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Arpeadix

K; 1s the arount of d; feedback to the elevator through the for- of

R ..,“'«—-‘:! A .

metion stabllity augmentars, 3‘

Then ;
3(A,,S’¢ &jst' C‘-t‘s*lzs) ?

(2-9) B At Bate Cor L T E E‘,* (K, * K55)3) K
{(A-10) “(A,sv-&s vCe,3+ ) V'
s,’ (As*+ Bs’*Cs"*Ds**E) (Kot K33 (AS™+ B3+ s+ ) S

S(Ass’+B, s"+Ce s+ 0 )

KT U KA R R BRI RG R 1 D)ok
(A"t B5** G5+ B, )

,4‘5 f“-}%f%)s (gfas*maa')s +{C+4C o 86, )Tt (4. . '}Jrf
Trom (A-10) and (a-2), ‘

wape  |AATT

—-r‘m‘im-aa)
#s See (IIT-34,

-AA'-'_’ KA, "
KeBy =Ko (B Ms~MZ;)
8Cy =~ Kooy = KB M- xME-MuUZ}
20, K, B, =, (2 lu .

LREL*A

M = Ky (ZM;- MZ;)
a2 12, = & J lum - xoag i 42 }

= &, EJUMX-MX )~ M MU X ZX) + 2l

SRl

zm

XM - Mz Xy 202 3}
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