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FOREWORD

The work covered by this report has been carried out by the Flight
Research Department of the Cornell Aeronautical Laboratory. The report
has been prepared by J.N, Ball, C.L. Muzzey, W.J. Thayer, W. Close,
C.B. Notess, H.S. Radt, Jr., E. R. Schultz, and J. L. Beilman. The work
has been done under Air Force Contract AF33(616)-2578, Project No. 1364,
"Flight Control Technical Requirements, ' Task No. 70525. The project is
being administered by Mr. P.P. Cerussi of the Aeronautical Research Lab-
oratory, Wright Air Development Center.
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ABSTRACT

The Cornell Aeronautical Laboratory has completed the preliminary de-
sign phase of a project under which a T-33 will be equipped as a variable
stability airplane for a program of flight research on airplane handling char-
acteristics. Irreversible hydraulic servos will be used to operate the control
surfaces so as to provide artificial stability about all three axes. Variable
stick force characteristics will be provided by an artificial feel system.
Simulation of other airplanes will be possible with this highly versatile sys-
tem. Special equipment is also being included for research on cockpit con-
trols. A satisfactory preliminary design study has been completed for the
control system.. Methods have been developed for handling the major prob-
lems of detailed design. It has been found that the T-33 is a satisfactory air-

plane for the purposes of the program.

PUBLICATION REVIEW
This report has been reviewed and is approved,

FOR THE COMMANDER:

At odls
A L. BERG, Colghel, USAF

Chief, Aeronautical Reséarch Laboratory
Directorate of Research

WADC TR 55-156 , Part 1 iii



LIST OF ILLUSTRATIONS . ivie ittt i ciiinresrarensnanenans
LISTOF TABLES ............. f e e tneerrearaea it et
I. INTRODUCTION ........ ferrereen et aean Ciereaeaa e
II. CONTRACT AND PROGRAM STATUS ...........- treenona ‘o
III, DESCRIPTIVE OUTLINE OF THE GENERAI APPROACH
AND METHODS ................... tecrsevnanaans Sisaeeaen
IV. ANALYSIS OF AIRPLANE DYNAMICS AND METHODS OF
SIMULATION .....civnuen fe ettt et e s e st oo
A. Simulation of the Short Period Motion within the
Plane of Symmetry cvvviiieneeiitnnennnnnannnrannes
B. Analog Computer Studies of Short Pt'-:riod Simulation ...
C. Simulation of the Long Period (Phugoid) Motion
within the Plane of Symmetry . oot enerenenennann .
D. Simulation of Lateral Modes of Motion ....ouuuennnnn.
E. Simulation of Control Systems .vueviveennwennennn cana
V. DESIGN OF SOME SPECIAL CONTROL SYSTEMS ..vveernnennn
A Introduction ...t ie it i i i e e ey
B. Definition of Coordination v..uv.veeeee e enennneennens
C. Automatic Turn Coordination by the Use of Rudder
Proportional to Bank Angle, Roll Rate,and Aileron
Deflection ......... S r et ta et e .o
D. Automatic Turn Coordination by the Use of Rudder
Proportional to Sideslip, Its Derivative, and Its Integral
E. Proportional Bank Control ..... et e et et
VI. DETERMINATION OF DESIGN INFORMATION FOR THE
AUTOMATIC CONTROL SYSTEM ... tiintiiine e e enrnnnnns -
A, Design Information for Control of the Phugoid Motion

B.

by an Auxiliary Surface .......viviiinnnnnnnennnnn.
Design Requirements for Control of the Longitudinal

Short Period Motion ......... eve s et et e a e

WADC TR 55-156, Part | iv

17

17
24

34
39
47
54
54
59

60

63
66

69

69

76



TABLE OF CONTENTS (CONT'D)

Page

C. Design Requirements for Control of the Lateral Motion 84
D. Design Requirements for the Artificial Feel System ... 96
E. Design Requirements for the Special Control Systems . 107

VII. INSTRUMENTATION AND ELECTRONIC DESIGN ............. 113
A, ObJectivVesS .vettnrnnsersassnasesscsasanssenes e 113
B. Chronological Development of Instrumentation Activity 113
C. Adctivity on Electronic Details ..........cc.. ... tasane 117
D. Detailed Design...... C et te s eceaae s iu et 132
VIII. PRELIMINARY LAYOUT OF SERVO AND MECHANICAL INSTAL-
0 N A (0 ) | e e eees ettt 134
A. Introduction........ Cheremrerearaarrra s teanas 134
B. Preliminary Layout of Elevator Servo .. .....civiuun. . 134
C. Preliminary Layout of Rudder Servo .........0veues «ss 135
D. Preliminary Layout of Aileron Servo ...... ..o ivu... 137
E. Preliminary Layout of Auxiliary Servo ...... Ceeesaaean 138
F. Preliminary Layout of Cockpit Controls and Feel Servos 139
IX,SERVO THEORY AND TESTING ........... Ceieesscsssa s 143
A, Summary ....... Gttt esescaaranaraneas crrenanas ceea s 143
B, Introduction .....iiieintienreiescanansrossnnssansans . 143
C. Servo Requirements ........ccnvcnnenens P esensnesuea 145
D. Installation Problems ......cvuv.. Crer e cheeeaaas 146
E. Analysis of Position Servo Performance Under Load ... 151
F. Analysis of Feel Servo System Performance .......... 167
G. Servo Design Problems ..... ... ittt iiiiiiiinnan 173
H. Control Surface Position Servo Tests ....... eesecanen 179
I. Feel Servo Tests v v vuereriseenteunernsosnsssoscasannns 196
X.SUMMARY OF RESULTS AND CONCLUSIONS ...ocoivernnaenns 203
REFERENCES ... it iiititettnaentanesosistesossasesnsassnns 207

WADC TR 55-156, Part 1 v



TABLE OF CONTENTS (CONT’'D)

s s ahsdesasa

ILLUSTRATIONS L L L L B R B R R O R O R R
TABLES .o.-l.l.0-oc-......-lauloloonnlocool.lnl!.l----...

APPENDIXl.‘........l'...'....I..l.l.l....ll

4 0000t DaPsBELRES

WADC TR 55-156, Part 1 vi

Page
209
283
301



Figure

o =~ O o W

10

11

12

13
14
15
16
17
18
19
20
21
22

LIST OF ILLUSTRATIONS

Title Page
T -33 Simulating Typical Characteristics Represented by
Case "AY. ... v enanas fh e n e e iecenae e 209
T -33 Simulating Typical Characteristics Represented by
Case "B, ittt ittt in i aaranannatse s ctoonnnnnnan 210
Effect of Time Lag on Longitudinal Short Period Stability.. 211
Effect of Servo Dynamics on Rolling Moment Due to Sideslip 212
Functional Block Diagram of Longitudinal Control System.. 213
Functional Block Diagram of Roll Axis Control System.... 214

Functional Block Diagram of Yaw Axis Control System..... 215
Ratio of Sideslip Angle Amplitude to Roll Angle Amplitude
for Sinusoidal Forcing of the Ailerons. ......c.oviieinaannas 216

Results of Analog Computer Investigation of Automatic Turn

Coordination Using G;. = 15&' d;. + 4579 LT+ -’éqb $ ..... 217

Results of Analog Computer Investigation of Automatic Turn
N : - _/pt

Coordination Using d;.:ﬁ/s /5+—t€/3 /‘3""’6,/',6['/; ,50’2‘)... 219

Results of Analog Computer Investigation of Proportional

Bank Control. . ... ittt rininnenenreenstnatacosaneas 220
T-33 Variable Stability System Electrical Block Diagram of

Gain Computer Section...... ... ittt iianan, 221
CAL Reluctance Linear Position Transducer............... 222
Phase Shifter for Signal Circuits.......... ... ciieeiana.. 223
Transistor Servo Amplifier Diagram...........coviiann. 224
Transistor Servo Amplifier................ e s raserane e 225
T-33 Servo Test Rig Instrumentation Panel Diagram........ 226
Servo Test Rig Instrumentation Panel. .................... 227
Differentiator Waveforms........ ..ot iiinrinnraonscns 228
Amplitude and Phase Response of Chopper Differentiator.... 229
Inverse ¢ Function Generator............coouiveniennnnnnn 230
Bank Angle Function Generator.......... ... ... oo i 231

WADC TR 55-156, Part 1 vii



Figure
23
24
25

26
27
28
29
30
31
32
33
34
35
36

37
38
39
40
41
42
43
44
45
46
47
48
49

LIST OF ILLUSTRATIONS (CONT’'D)

Title

Preliminary Sketches of Elevator Servo Installation........

Elevator Servo in Engine Compartment. ..................

View of Engine Compartment Showing Elevator and Rudder

Controls .......... teseanen seseereinenesensnasas cienns
Elevator Spring Tab Mechanism Unlocked - T-33 Airplane,
Elevator Spring Tab Mechanism Locked - F-94 Airplane. .

Rudder Servo Installation .....eveveennnn. Ceases .
Junction of Fuselage, Fin, and Stabilizer .......0... s e
Fuselage Modification Forward of Stabilizer .............

Rudder Servo Installed in Modified Fuselage ..ooveveeonn

Rudder Servo Installed in Engine Compartment ...... e
Aileron Servo Inside Wing ........... B T T S
Aileron Servo Below Wing v vvuiieienennnnn cesrrasenanas
Aileron Servo in Wing Fuel Cell ,,...... terrcesenae ceean

View of Underside of Right Hand Wing Showing Aileron

Control Drum vvoviieiiinnennnnrnnnsnnas Geennesanns ceea
Aileron Servo in Engine Compartment .....ovvuennnn. .
Auxiliary Servo Installation on F-94 Aircraft ..... cetanan
Rudder Cockpit Control Modifications ,............. e
Aileron Feel Servo - Stick Control ......vvuuuuunn. taea
Aileron Feel Servo - Wheel Control ... .c0.... N e
Elevator Feel Servo v vuuivurrnnrnnnennnens caeeaan

Mock-Up of Wheel Control in Front Cockpit «vvevneeesnns
Position Servo Block Diagram ........ B
Aerodynamic Loading of Control Surface ,....... Ceenaaen
Non-Dimensional Response of First-Order System .......

Position Transmission Ratio, Frequency Response .......

Servo Load Impedance, Frequency Response ........ teeas

Static Response of Four-Way, Flow-Control Servovalve
with Zero Overlap ......

WADC TR 55-156, Part 1 viii

234
235
236
237
238
239
240
241
242
243
244

245
246
247
248
249
250
251
252
253
254
255
256
257

258



Figure
50

51
52

53

54
55
56
57
58
59
60
61
62
63
64

65
66

67

68
69
70
71
72
73

LIST OF TLLUSTRATIONS (CONT'D)

Title Page
Feel Servo with Flow-Control Servovalve ............ .o 259
Feel Servo with Pressure-Control Servovalve . ........... 260

Position Servo Test Rig - Simulation of Fuselage Mounted
Ailleron Servo .......... ereersenias ceenencen Creretaaan. 261

Position Servo Test Rig - Simulation of Wing Mounted

Aileron Servo ... iiiinnn ... teaeea tCrrreracisencaa. 262
Servopiston Assembly ........ e et aiareaaan vee.. 263
Position Servo Test Area .......... I, tr et eeeee.. 264

Sinusoidal Oscillograms Taken on Position Servo Test Rig . 265

Servoamplifier Response ....... ettt ettt ittt anaea 266
Servovalve Response ...vovevennnnn.. et es st et e anan eee 267
Servo Load Impedance ..... Ceeeeaannn Ceeeaes cesensanes. 268
Hydromechanical System Response v.....vvunnnnnnnn..... 269
Servoloop Dynamics ..vvuuuennn.. feerr e sea 270
5ervoloop ResSponse vuvveeninreecnnnenennnnnn.. caeiaea 271
Position Transmission Ratio ...... tres e ettt . 272

Over-all Frequency Response for Test Rig Simulation of
Fuselage Aileron Servo - Half Scale Loads ,........... vau 273
Servoloop Response with Increasing Loop Gains ........... 274
Over-all Frequency Response for Test Rig Simulation of

Fuselage Aileron Servo - Full Scale Loads .......... seee. 275
Over-all Frequency Response for Test Rig Simulation of

Wing Mounted Aileron Servo ....uoeverununrnn.... ceinae.. 276
Increased Damping Servoloop Response with Rate Feedback . 277
Comparison of Several Auxiliary Hydraulic Control Circuits 278
Limiting Action of Pressure Relief System ........
Feel Servo Test Rig .ovviiveennnnnnnnn... ceeenaae ceraena 280
Step Inputs of Stick Force with Various Stick Stiffnesses ... 281

Response of Feel System with Various Stiffnesses .. ... ... 282

WADC TR 55-156, Part 1 ix



Table

II

111

Iv

VI

VII

VIII

X

X1

XII

XIII1
XIV
XV
XVI
XV

LIST OF TABLES

Title
Definitions for Coefficients of the Longitudinal Equations
of Motion Used in Section IV ..... reanse e verrenarana .o

Summary of Analog Computer Results for Simulation of
Case "A" ........ Pesresarsrsacsensaves tresear e
Summary of Analog Computer Results for Simulation of
Case "B' . ... ceietetnanes Pirearr e Cereensaes
Definitions of Coefficients Used in Lateral Equations of
Motionin Section IV ... .. .t iiniienneanne sasase e
Definition of Coefficients in Transformed Rolling Moment
and Yawing Moment Equations (97) and (98).... ... «vv...
Aerodynamic, Gravity, and Inertia Coefficients for T-33
Flying at M =0.70at 10,000 Feet .vvverrnrrnecnnncnsas
Summary of Proposed Design Data for T-33 Auxiliary
Surface ....cinevnnsesen carisrenanns
Summary of Phugoid Periods Attainable at Various T-33
Flight Test Conditions ........... eeeas
Summary of Phugoid Damping Ratios Attainable at Various
T-33 Flight Test Conditions ........ciaiuun

Range of Gains Required for Simulation of Airplane Motion

LI BB N L

Extreme Values of Stability Derivatives Obtained from Data
for Four Fighter Aircraft ......civiiiiiiieinieennreennas
Extreme Gains Required for Simulation of Control Systems
Maximum Expected Values of Airplane Response Variables
Maximum Values of Control System Variables
Position Servo Design Values for T-33 and F-86 Systems .
Design Values for Pressure-Control Type Feel Servos ....

Table of Position Servo Test Rig Parameters

[ A R L]

WADC TR 55-156, Part 1 x

Page

283

284

285

286

288

289

290

291

292
293

294
295
296
297
298
299
300



SECTION |
INTRODUCTION

The design requirements for present-day high-performance military air-
craft have resulted in a series of airplanes which differ markedly from their
predecessors. Performance requirements have dictated configurations in-
volving highly swept-back, low-aspect-ratio wings, high wing loadings, and
unconventional mass distributions. Operational altitudes are becoming higher
and higher, and operation over an increasingly wide range of Mach numbers
is required. All of these developments have made the problems of achieving
adequate stability and control characteristics in the military aircraft of the
immediate future more complex than they formerly were. In fact, it seems
that all of the changes which have permitted performance improvements have
also introduced new stability problems., Furthermore, it seems certain that
the continuing development of airplanes to reach higher and higher Mach
numbers and altitudes will constantly bring up new and different stability and
control problems,

In addition to the stability problems introduced by new configurations,
operational requirements are introducing more stringent requirements on the
handling characteristics of military aircraft. The constantly increasing speeds
of fighter airplanes mean that the time available in making a run on a target
is becoming shorter and shorter. A high degree of tracking accuracy is re-
quired to insure a reasonably high probability of a successful attack. Ease
of tracking depends on stability and control characteristics. To improve
tracking accuracy, we must learn better than we have before exactly what
handling characteristics we want and how to produce them.,

The growing importance of good tracking characteristics calls for careful
attention to the whole question of matching the airplane's handling character-
istics to the pilot. One particular aspect of this question which seems now to
merit special attention is the design of the cockpit controls. The prevalent
use of power control systems has opened up the possibility of designing cockpit

controls with a wide range of characteristics. It seems opportune, then, to

Manuscript released by the authors April 1955 for publication as a WADC
Technical Report.
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re-examine the traditional use of wheel, stick, and pedal controls, and to
inquire whether airplanes can be made to fly better by the use of modified

or new types of cockpit control configurations. In particular, it is of interest
to know whether cockpit controls can be designed so as to make more accu-
rate tracking of targets possible,

The general area of stability and control and handling characteristics
of airplanes is thus developing in several ways. New knowledge and methods
are needed to cope with the various problems that are arising. The present
project is aimed at meeting a part of this need through a program of flight
research.

Several of the flight test programs which have been conducted for the
Air Force by the Cornell Aeronautical Laboratory have demonstrated that
the use of automatic control equipment in test airplanes provides a powerful
means for tackling stability and control problems. Such equipment has been
used to vary the stability and control characteristics of test airplanes over
wide ranges. This development has progressed to the point where a control
system can be designed so that it is possible essentially to vary all the im-
portant stability and control characteristics of an airplane independently.
This means that we now are able to set up a test airplane so that it can be
used to simulate other airplanes.

To achieve the flexibility implied by the ability to simulate other air-
planes is in itself a worthwhile aim. In general, if research is to be effective,
we must be able to vary the important parameters independently and freely.
In the case of stability and control flight research, the important parameters
include such things as wing span, tail area, and moment of inertia, These
are intractable variables, and it is obviously convenient if we can in effect
vary them by means other than rebuilding airframes.

More specifically, an effective and expeditious way of attacking current
stability and control problems is provided by a test airplane which can simu-
late other airplanes. When a new generation of airplanes turns out to be
afflicted with a new sort of stability and contrel difficulty, flight research
on the problem can be undertaken by setting up the test airplane to simulate

the undesirable characteristics. Now this in itself is little help, because we
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already have airplanes with these characteristica. The important point is
that we can systematically and quickly vary the characteristics of the test
airplane so as to discover the promising approaches to the problem. In
some cases, the problem will become well enough understood to be solved.
In other cases, at least a large amount of effort may be saved by eliminating
at the outset approaches to the problem which will be fruitless.

A more general and far-reaching application is the simulation of new
types of airplane configurations which are still in the design stages. For
example, the new supersonic fighter airplanes tend to have low moments of
inertia in roll compared to the moments of inertia about the pitch and yaw
axes. This situation can readily be simulated, and well in advance of flight
test the handling characteristics of such an airplane could be tried out. If
the results were not wholly favorable, variations in control system dynamics
could be tried, and various sorts of artificial stability devices could be sim-
ulated. From such tests, we can expect to derive useful principles of design
for the control systems of new types of airplanes. It might also be that a
new type of airplane designed to old criteria for handling characteristics
would turn out not to be satisfactory in all respects, even where it met the
criteria, If this can be found out early, current design can be oriented toward
suitably revised criteria. In some cases, design calculations will predict
that an airplane will have some stability and control characteristic which is
out of the ordinary. The question will be, will this characteristic be satis-
factory to a pilot and will it affect his ability to track a target? The answer
is found by having pilots fly an airplane which has the characteristic. In
general, the possibility is open of obtaining answers to stability and control
questions well in advance of flight test and under conditions where the test
configuration can be readily varied. It seems quite clear that this possibility
presents real advantages.

A test airplane of the sort described is adaptable to research in the specific
area of cockpit control design, which was mentioned above. This area includes
not only the physical design of the controls in the cockpit which the pilot manip-
ulates, but also the type of response of the airplane to the use of the con-

trols. For example, on a variable stability and control airplane, the effective
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gearing ratio between stick movement and elevator angle can be varied over
wide ranges, or the control system can be set up to provide automatic turn
coordination. One special possibility that is of interest is to make the control
system operate so that instead of a rolling velocity, a steady bank angle is
obtained in response to a steady lateral stick deflection. Various similar
configurations could be set up and tried.

In short, stability and control problems are continually at hand, and many
of them are such that their solutions are to be found only through flight testing.
For work on these problems, we now have a powerful new tool, the variable
stability and control airplane. This report covers the first stages of a pro-
gram, sponsored by the Air Force, under which the Cornell Aeronautical Lab-
oratory will equip a T-33 as a variable stability and control airplane and will

undertake with it a program of flight research.
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SECTION I
CONTRACT AND PROGRAM STATUS

Air Force Contract AF33(616} -2578 has been awarded by the Air Force
to the Cornell Aeronautical Laboratory for the purpose of outfitting a T-33
as a variable stability and control airplane for flight research along the lines
indicated above. The contemplated program has been divided into six phases:

I. Preliminary Design

II. Detailed Design

III, Fabrication

IV. Installation

V. Ground Check-Out

VI. Flight Tests
The contract initially covered Phase I only, which was scheduled for a nine-
month period starting 1 July 1954, and which now has been completed. The
work accomplished in this phase is the subject of this report. At the end of
March 1955, negotiations were nearly complete for an extension of the contract
to cover Phases II and IIl. The scheduled completion date for these phases is
1 April 1956. It is anticipated that when appropriate, further extensions will
be arranged so that the work can be continued without pause into the later
phases,

The T-33A airplane to be used for the project. Serial No. 51-4120. was
delivered to Cornell on 14 October 1954. It has been bailed to the Laboratory
under Bailment Agreement AF33(600)-2214, It is being used for design studies.
and will continue to be so used until Phase IV of the program (Installation) is
reached.

Phase I has included a study to determine the suitability of the T-33 air-
plane for simulating the flight characteristics of various USAF fighter aircraft.
Further study has been directed toward research in design of cockpit controls.
Systems for automatic coordination of turns and for providing bank angle pro-
portional to lateral control displacement have been worked out. Design require-

ments have been formulated to define the functions of the control system and
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the performance required of it. On the basis of these requirements, prelimin-
ary design work has been undertaken on the mechanical, servo, and electronic
installations. Bench test programs have been carried out to obtain servo
design data and electronic design data, With Phase I complete, the methods

to be used have been worked out, and the necessary design information is
available for proceeding to detail design and procurement of components,

The work accomplished so far is described in the later sections of the
report. It seems convenient at this point, however, to outline briefly the gen-
eral status of the program. The methods to be used in simulating other air-
planes have been worked out., They have been checked out analytically and
also have been checked on the BEAC and EASE analog computers. Particular
attention has been paid to the requirements for servo dynamic performance.
Methods have been worked out for setting up the control system to compensate
for servo lag. It appears that this can be done well enough so that the servo
performance requirements can be kept within practical bounds.

The general configuration of the control system has been settled, and
essentially final block diagrams are presented in a later section. Prelimi-
nary aerodynamic design data have been issued for all the components,

Preliminary servo design has been carried out and a position servo test
rig has been designed, fabricated and tested with satisfactory results. A feel
servo test rig has also been set up and tested with generally satisfactory re-
sults. It is believed, however, that some improvements can be made in the
feel servo by doing a moderate amount of additional testing and development,

Satisfactory layouts have been made for the interchangeable wheel and
stick, and for the servo installations. A choice has still to be made, though,
between locating two aileron servos in the wings, or one at the fuselage center-
line. This decision will be made early in Phase II on the basis of evaluating
in detail the servo test results as well as the other pertinent studies of Phase L

The block diagrams as now developed define the electrical and electronic
functions of the control system. Design principles have been worked out for
all major electronic components. Preliminary bench test results are available
for most of them. In several instances, the purchase of computing components
from outside firms appears to be advantageous. These possibilities are being

actively investigated.
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SECTION li

DESCRIPTIVE OUTLINE OF THE GENERAL
APPROACH AND METHODS

BY J.N. BALL

The purpose of this section is to furnish a broad and somewhat simplified
description of the concepts which have governed the design of the control sys-
tem for the variable stability and control T-33., More technical presentations
of the analytical studies and design work accomplished so far are presented
in later sections.

The reasons for choosing the T-33 airplane as the test aircraft should
perhaps first be noted. The program is concerned with the handling character-
istics of fighters, rather than bombers or other such large aircraft. There-
fore, a small jet-propelled aircraft of relatively high performance is required.
With an experimental control system installation, it is prudent to provide a
safety pilot whose controls are independent of the experimental equipment,
Thus a two-place airplane with controls in both cockpits is desired. The T-33
is believed to be the best available aircraft meeting these requirements.

The front cockpit is to be the test cockpit. The controls in this cockpit
will be permanently disconnected from the regular control system and will
be used only to operate the special control system to be described below. The
rear cockpit will have its normal, complete set of flight controls, When the
experimental control system is disengaged, the airplane is flown in the nor:inal
manner from the rear cockpit. When performing tests, the pilot in the front
seat flies the airplane. The rear pilot can always resume control at once in
the event of any malfunction or unusual occurrence. The front cockpit will be
designed with an interchangeable wheel and stick control. This feature will be
used in the research to be done on cockpit control configurations.

" The control system is to be designed so that it is possible to simulate
other airplanes. To accomplish this, the control surfaces must perform two
functions. First they must respond to the pilot's use of his controls; second,

they must move in response to the airplane's motion so as to alter its stability
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characteristics. To provide both functions, irreversible hydraulic power con-
trols are used to drive the control surfaces. The power control servo loops

are built to receive and respond to electrical inputs. Inputs received from

the cockpit controls provide the first function, and inputs from pickups meas-
uring the motion of the airplane provide the second function. With this arrange-
ment, the two functions are kept separate and do not interfere with each other.
Furthermore, the use of electrical signals makes it easy to vary the gains on
the various input channels and to alter the control system configuration in
flight.,

To provide artificial stability, the airplane's motion is measured by var-
ious standard pickups, such as rate gyros and accelerometers, and signals
from these devices are used as inputs to the control surface servos. The T-33
control system will have the following inputs to its control surface servos.

(In addition, as explained below, there is an auxiliary surface for control of the

phugoid motion, responding to speed and rate of change of speed. )

Elevator servo:
1. Angle of attack, oL
Rate of change of angle of attack, o

2
3. Pitching velocity, &
4

Pitching acceleration, &

Aileron servo:
1. Rolling velocity, ©
Rolling acceleration, p
Yawing velocity, 7
Sideslip angle, 8

2
3
4. Yawing acceleration, »
5
6. Rate of change of sideslip angle,/b.'

Rudder servo:
1. Rolling velocity, p
2. Rolling acceleration, ﬁ;
3. Yawing velocity, ¢

4. Yawing acceleration, 1:'
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5. Sideslip angle, £ '

6. Rate of change of sideslip angle, 8
The primary effect of a motion of the elevator, for example, is to produce
an incremental pitching moment coefficient, AC m e Thus, when the
elevator is made to respond to changes in &, the result is an artificial

dcm /a/aa . Similarly, the response of the ailerons to rolling velocity

produces a rolling moment proportional to rolling velocity, This provides
damping in roll, or artificial C.gp . In the same way the various other
stability derivatives of the T-33 can be altered by the addition of the artificial
stability inputs listed above. By adjusting the gains on the various channels,
the test airplane may be set up so that its derivatives match those of the air-
plane to be simulated.

Simulation of inertia distributions as well as aerodynamic characteristics
must be considered. In general, the equations of motion may be set up so
that the coefficients are aerodynamic derivatives divided by inertia parameters.
The gains of the various artificial stability channels are chosen then to match
these coefficients, and no separate consideration of inertia is required. Al-
ternately, the T-33 moments of inertia may be varied in effect by having the
control surfaces respond to angular accelerations. Practical considerations
such as resolution and noise in the control system channels will help to deter-
mine the relative advantages of the two approaches. The T-33 control system
is being designed so that either approach may be used. In either case, the
control system will have the capability of simulating unusual inertia distribu-
tions which differ considerably from the normal T-33.

. It may be desirable or necessary to fly the test airplane at a flight con-
dition (speed and altitude) other than the flight condition of the airplane being
simulated. Also,the test airplane will generally not have the same wing load-
ing as the other airplane. The values of the test airplane's artificial stability
derivatives can be systematically chosen to allow for these differences. Proper
choice of speed and altitude for the test airplane will make up for the fact that
of the test airplane's derivatives,_ ,aﬁg"of the important ones, the lift curve
slope, is not easily adjustable by artificial means.

The result will be that the dynamic stabilify of the test airplane will
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match the characteristics of the airplane being simulated. If the test airplane
is disturbed by a gust or a control motion, and if then the controls are held
fixed, the resulting natural modes of motion will be correct. The natural
frequencies and damping ratios of the various modes will be duplicated.

This, of course, is only the stability half of the story. It is necessary
also to duplicate the control characteristics that the pilot feels. To be specific,
let us talk in terms of the longitudinal short-period motion as an example.

We consider short-term maneuvers at essentially constant speed. To move
the stick back, the pilot has to exert a pull force on it. The result is an up-
ward deflection of the elevator. This trims the airplane to an increased normal
acceleration, which produces a nose-up curvature of the flight path. The pilot
feels the stick force that he has applied, and to some extent also he may sense
the change in stick position. The primary response that he feels as a result

of his use of the controls is normal acceleration. To a large extent, this is
what he flies by. The other important thing that the pilot senses is the rate

at which he sees the horizon move, i.e., pitching velocity. (In the particular
case of tracking a target, pitching velocity may be the primary variable rather
than normal acceleration.)} Angle of attack is in itself not important, as the
pilot has no way of directly sensing the relative wind direction, Finally the
pilot senses, from what he feels and sees, the dynamic characteristics of the
airplane's motion in response to his use of the controls; he senses whether the
airplane's response is fast or slow, sluggish or oscillatory. This whole situ-
ation is what we have to simulate. _

One way to set up a control system to do this will be described, and then
some possible variations will be mentioned. First a position transducer is
used to generate an electrical signal proportional to stick position. This signal
goes to the elevator surface servo. Thus the elevator is made to move in
response to the pilot's motion of the stick. The effective gearing between the
two i3 determined by an electrical gain adjustment. The gain is chosen to give
the right steady-state response to an incremental motion of the stick. The
fact that we have already matched dynamic stability insures that the transient
motion in going from one steady-state condition to another will be correct.

One question at this point is whether we match steady-state normal accelera-
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tion or pitching velocity. The two quantities are related as follows:

2; = (g/y') An
Y = rate of change of flight path angle, which equals pitching velocity

in the steady-state condition, rad/sec

an

increment in normal acceleration over the lg required for level

flight, dimensionless

acceleration due to gravity, ft/sec’

g
v

true speed, ft/sec

From this relation it can be seen that if we match true speed, we will have
the correct relation between AN and 5’ + Then if we match one, we
simultaneously match the other. If we cannot match Y , however, a com-
promise must be made. If our test V/ is low, for instance, and we match

An, the pitching velocity will come out too large. If we match pitching
velocity, normal acceleration comes out low. To minimize this effect, we
should match \/ ‘as nearly as is practical. Then if we are interested in
general handling '.c'l.l.aracteristics, we should probably give priority to matching
normal acceleration. It is possible though, that if we are specifically inter-
ested in tracking, pitching velocity should have priority. An in-between com-
promise is of course also possible,

The remaining thing now to be simulated is stick force. First we need

a stick force proportional to stick displacement, and we require that the
""'spring rate'' relating the two be easily and continuously adjustable. The spring
rate has to be set to give the proper stick force per g. Also, if we are to sim-
ulate natural aerodynamic feel, the spring rate must vary with dynamic pres-
sure, To accomplish this we use a servo arrangement. A hydraulic cylinder
is attached to the stick. The differential pressure in the cylinder, and hence
the force that it exerts on the stick, is controlled by a pressure control valve,
This valve produces a differential pressure proportional to an electrical input
signal. By using a stick position signal as the input, a control force is gener-
ated proportional to stick deflection. The spring rate is easily varied by a

simple electrical gain adjustment.
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Since the valve works from electrical inputs, it is easy to introduce ad-
ditional types of stick force. A signal proportional to normal acceleration
produces the effect of a bob-weight. A signal proportional to rate of stick
motion produces the efiect of a viscous damper. A signal proportional to
angle of attack represents the effect of angle of attack on hinge moment coef-
ficient. The system is basically flexible, so that almost any desired input
can be generated and fed to it. The system can also be supplemented by
mechanical devices if desired. For example, it is believed that a satisfactory
representation of dry friction can be computed, but there is the alternate pos-
sibility of fastening a mechanical friction device to the control system.

Now when the pilot moves the stick, he will feel the right stick forces,
the transient motion of the airplane will have the right character, and the
airplane will settle down to the correct new steady-state condition.

There are two main variations on the method described above for simu-
lating the control characteristics. The input to the elevator servo can come
from a strain gage which picks up stick force, instead of from a stick position
transducer. It is possible to use a computer to derive the correct elevator
angle variation from the measured stick force. If it is considered that a pilot
flies primarily by applying stick forces and that the resulting stick motions
are of lesser importance to him, it may be that this method is actually the
direct way of making the control surfaces follow the pilot's intentions. This N
method also makes it practical to operate with very small cockpit control
motions or even with the stick and pedals rigidly fixed. Another variation is
to use an ordinary position servo with a flow-control valve instead of the
pressure-control valve arrangement. This is made to act like a spring as
follows. A strain gage picks up the pilot-applied force; this signal is fed to
the servo loop; and the servo drives the stick to the proper displacement. The
basic plan of simulation remains the same, and the choices among the different
variations are based on practical considerations of satisfactory operation.
Another consideration is complexity of the system. Block diagrams were
drawn for both the pressure-control and flow-control feel servo systems. It
was found that the number of components and the number of connections were

roughly comparable, so that this is not a determining factor. A particular
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question is dynamic stability of the feel system. Previous experience with
systems using a flow-control valve has shown that closed-loop instability can
arise. The probable explanation of the observed instability is that the posi-
tion servo was required to operate with an excessive inertia load composed
of the control stick and wheel and increased by the pilot's hands and arms. It

"is shown elsewhere in this report, and in Reference 10, that a position servo

with a large inertia load will exhibit a large phase shift due to 0il compressi-
bility effects. It is now believed that this rapid phase shift within the position
servo was responsible for the over-all instability when the strain gages were
connected to make the system operate as a feel servo. Preliminary analysis
has shown that the pressure-control system is less subject to this trouble.
Accordingly, it has been decided that the pressure-control valve will be used,
provided satisfactory results are obtained from the servo test program.

Very much the same considerations apply to simulation of the lateral mo-
tions of an airplane. As already mentioned, dynamic stability is simulated
by generating suitable artificial stability derivatives. The effective control
gearings of the rudder and ailerons are chosen so that the right amounts of
rolling and yawing result from given displacements of the controls. (This
requires feeding lateral stick displacement to both the aileron and rudder
servos; rudder position also must go to both servos.) Stick and pedal forces
are generated by the method described above.

In simulating lateral motion, it is believed that the important things to
simulate are the rolling and yawing motioﬁs. These are what the pilot sees
as he watches the ground and the horizon, or as he tracks a target. Lateral
acceleration is another thing that he can sense, but it is by no means as im-
portant a quantity to fly by as is normal acceleration in the longitudinal case,
Generally speaking, a pilot is trained to use coordinated maneuvers, and any
lateral acceleration that he feels indicates to him only that he has not achieved
coordination. He does not try to adjust his rate of turn by increasing or de-
creasing the lateral acceleration. (Lateral acceleration can comprise an im-
portant part of the feel of severe rolling pullout maneuvers. It seems though

that at this point it is not worth giving particular attention to simulating this
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special case.) As with angle of attack, simulation of sideslip angle is of little
interest, as the pilot has no direct way of sensing it. The point about the de-

girability of matching true speed shows up again here. In steady turns, the

turning rate comes out high if the speed is low.

The longitudinal phugoid mode receives special treatment for practical
reasons. Its period can be varied by producing a pitching moment proportional
to change of speed from a reference condition; and its damping can be varied
by a pitching moment proportional to rate of change of speed (dV/di‘)
These effects can be produced by working through the elevator, but the required
variations of the elevator angle would be so small that very fine resolution would
be required in the elevator servo for satisfactory operation. Instead of working
with this problem, it is convenient to use a small auxiliary horizontal surface
in the nose of the airplane, driven by a separate servo. This small surface
produces the desired results with reasonably large deflections. It would be
undesirable to have this surface produce sudden large pitching moments in
response to apparent changes in speed caused by gusts. Accordingly,a slow-~
actmg electric servo is used so that an abrupt large deflection cannot be pro-
duced. Since the phugoid motion is slow, a slow servo is satisfactory,

It is worth pointing out the need for a considerable degree of versatility
in the T-33 feel system. First, it is to be capable of simulating an airplane
with plain aerodynamic feel which comes from the control surface hinge mo-
ments. Then it must also be capable of simulating artificial feel systems.
Some of these are designed, at least in part, to simulate natural aerodynamic
feel. Others rely on or emphasize mechanical feel which is not related to
hinge moments, by using such devices as bob-weights, springs, and dashpots.
A versatile system is needed to cover the simulation of the current wide var-
iety of types of feel. In time, it may be that the design of artificial feel sys-
tems will settle down to a relatively small number of standard types, and then
the job of simulating them will become eagier. Meanwhile, flex1b1l1ty is nec-

essary. The following types of stick force are to be provided in the T-33;

Elevator
1. Aerodynamic hinge moment due to elevator deflection
2. Aerodynamic hinge moment due to angle of attack
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3. Trim tab

4, Linear spring, with trimming of position for zero force
5. Non-linear spring

6. Bob-weight

7. Viscous damper

8

Dry friction

Aileron
1. Linear spring
2. Non-linear spring

3. Dry friction

Aerodynamic hinge moments at a particular flight condition can
be simulated by choosing a correct linear spring rate. It is believed
unnecessary in the aileron case to provide automatic variation of the
force gradient with dynamic pressure. This is because current
fighter airplanes with irreversible control systems almost universal-
ly use simple mechanical springs in the aileron system without speed
feel.
Rudder

1. Aerodynamic hinge moment due to rudder deflection
Aerodynamic hinge moment due to sideslip angle
Linear spring

Non-linear spring

N

Dry friction

A further purpose of the T-33 control system is to permit research on
cockpit control configurations and various types of response to use of the con-
trols. The system as already described has sufficient flexibility to permit a
considerable amount of such work., Unusual combinations of stability deriva-
tives can be set up to give unconventional responses to the controls. Also,
as mentioned previously, the test cockpit will be provided with an interchange-
able wheel and stick control. Any set of control responses can be evaluated
with either the wheel or the stick configuration,

In addition, several special features will be included in the control system
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to permit evaluation of different types of response to the cockpit controls. One
is a computer which will work the rudder to provide automatic coordination
of turns. This is aimed simply at reducing the pilot's task by giving him only
two controls to work, elevator and ailerons. Another computer will produce
an increment of elevator angle as a function of bank angle so that the normal
acceleration required to maintain altitude in a turn is automatically provided.
These two computers will operate together so that only one control, the ailerons,
has to be worked by the pilot in making a turn.

Another idea is to provide a basically different response of the airplane
to lateral stick deflection. Normally, a lateral stick deflection produces a
steady rolling velocity. An arrangement is to be provided so that instead of
this response, a steady bank angle will be produced proportional to lateral
stick or wheel deflection.

These specific provisions plus the basic flexibility of the system should
be sufficient for conducting a worthwhile initial program of cockpit control
research. Further development of the control system can follow from the

flight test results of the initial program.
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SECTION 1V

ANALYSIS OF AIRPLANE DYNAMICS AND
METHODS OF SIMULATION

BY C.B. NOTESS, H.S. RADT, JR., AND E.R. SCHULTZ

This section includes an analysis of flight simulation, considering the
dynamic equations of motion of the airplane. The presentation illustrates
how the dynamics of the T-33 can be modified to simulate other aircraft. A
discussion of the simulation of control systems is included. The Appendix
presents quantitative data for the T=-33.

This section is divided into five parts as follows:

A. Simulation of the short period motion within the plane of symmetry

B. Analog computer study of short-period simulation

C. Simulation of the long-period {phugoid) motion within the plane of

symmetry

D. Simulation of lateral modes of motion

E. Simulation of control systems

A. SIMULATION OF THE SHORT PERIOD MOTION WITHIN THE PLANE OF
SYMMETRY

The following analysis of the short period motion will be based upon the
usual approximation of negligible speed changes. The equations of motion

taken from Reference 1 can be written as follows:

/pn/z (q“..;cp)/m—me-— V26,4 .
€

/Cmoa D+ CM“/Ad’ +/—(£%/U,>Dz+ C”’De ?/A@: -Cmdéa; (2)

Aa, AB and ds are deviations from initial steady values.
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These equations have been linearized, assuming small disturbances. The

coefficient of the A& term in equation (1) was simplified by omitting

’ .o ) thrust
the term //2 (7;_ “CD). {: is defined as //Z/O ]/25] and
therefore, this term is zero if the initial condition of steady level flight is

assumed. C’”DJ Dde: was assumed negligible.
€

In discussing simulation techniques, it is best to work with true time.
Therefore, the operator D is replaced by _Td which equals 7T d(/)dl" v

Rewriting the equations in true time, they become:

G, *+Cp/ G
Ja+2 (i%i_i/da-ddez—?z i 4 &)

Con LT 2 } C',,,d.
/”"oa +._T_fi¢/dd+/-2j_u__’ d *CmoeC/AG"" e ag, (4)

To avoid the need for simulating the coefficient of o *A 8,

multiply equation (4} by 2u r/ [.y r

2 2
e, d ’“'C At +f-ct?+ *‘"C dja6=-Ls g O
¢, 7 Da ™pe L, 7% 7 €
% e
A discussion of the equations {3) and (5) can be simplified by making
substitutions of the form Ma.' = %""I Cfnm . 2
ly T,

which are defined in Table I. ({Note that these definitions are not the same as
those sometimes used in writing dimensional equations of motion. For exam-

ple, L:x_ in this report does not equal ( %7 )(dL/ala,/ ).
a’é can be replaced by /‘\’d:s , where K is the elevator to stick gear-

ing ratio and afs is the stick deflection. The equations then become:
(d+Ly)Ad - dAB = - L, K, (6)
(Ma;d-r%)Ad+(~dz+M5;d)A¢9=—MJKOg (7)
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The first approach considered for dynamic simulation is that if all the
coefficients of the equations of motion can be simulated, the motions in response
to a given forcing function will be similar. This implies the simulation of

Lm , Mo; . Moc , and MG . It will also be necessary to simu-
late the control effectiveness, that is, the magnitude of the response obtained
per unit stick deflection. If these coefficients are all simulated, the variables

Ao . 46 , and d; will be simulated. However, it can be shown
that unless true speed is simulated, the normal acceleration will not be simu-
lated even though Ao and A6 are simulated. For this reason, the
following approach was taken,

The variables present in the short period motion are doa 48
and d:_,- . The normal acceleration or load factor, I’J‘E . can also be
considered a variable. Considering the pilot and what he feels in flight, it
would appear that the variables to be simulated are de/dt and /1>
The correct variation of these quantities is desired in response to a given
variation of stick deflection, afs

. The variable oL as such is not of
interest to the pilot, as he has no way of sensing it. The question that arises
is whether dg/dt— and /1, can be simulated simultaneously. The
change in /1, from the original equilibrium condition is defined as follows:

Any= AlAy
The analog computer program has shown the term L o /(d_;- to be

~of minor importance. Assuming that it may be neglected, we have

C. da V2 pV=s

An, = %
C. .V
= ":n Ao

2 —

ovs I
¢, +C,
In the definition of Lo = _LZ_“— ) CD is usually
T
negligible in comparison to C’-a. . Assuming CD is negligible, we

can say .
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Ang

= |/ 8
o La 74 (8)
Assuming again that the term AJ KG‘;- is negligible, equation (6} can
be rewritten as:
Ac d

—_— = (9)
AG d+ Ly

Combining equations (8) and (9):

an, V 7 10
o ‘;‘L“ d+ Ly o

Equation {10) can yield considerable insight into the possibilities of simulating
A4 "y and 9 at the same time.
It has been shown in Reference 2 that by artificially varying Md. and
Mo’d it is possible to vary the period and damping of the short period
motion over a wide range. Therefore, if this is done, and if
Ang /6 is simulated, the time histories of € and A/,
will be simulated.

It remains to be shown whether < Tz é can be simulated.
For the steady state case, d = d{%y’f = 0 Then
Bns| Vig (11)
9 55

It is clear that unless the true speed is simulated, the steady state value of
A”ﬁ/ 9 will not be simulated. At the higher frequencies used in
relatively rapid longitudinal maneuvering (including, in general, the short

period natural frequency), the angle of attack and pitch attitude variations

become nearly the same:

Ac d
- » /]

26 ° 4L,
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This gives

A o 1, Y= Cup P2 V75 12)
AL g 74

By proper choice of a flight altitude and speed, Ly % may be simulated.

Hence, it is quite possible to simulate very closely the short period transient
motion. The short period steady state motion will be simulated only as well

as the T-33 can simulate true speed. (Simulation of Laf, itself would give
the correct phasing between 4 7 and 9. , but would not give the cor-
rect amplitude ratio in transients unless true speed were simulated. We think
that it is more important to simulate armplitude ratio than phase.)

We have shown above that for an airplane denoted by the subscrint A ,
it is possible to simulate,as well as the velocity ratio ( Vr-a3 /VA J permits,
the time histories of A /; and g with the T-33. The period and damp-
ing of the short period motion, as mentioned previously, can be varied over a
wide range. By the same methods as used in Reference 2, the amount of artificial

stability required can be determined. The results are:

AM, + Lo AMg = - (R - B y_535) (13)
AMy + AM; = = (b, - by.55) (14)
where
_ 2
2y = Wy,
bA = 2 gA &)nA
Cl)nA = desired undamped natural frequency {rad/sec)

Ca
ﬁT-J‘j: “MadeMa‘ for the 7-33

deslred damping ratio

b,—_33= L“-Mé-Mg‘ for the 7-33
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L, onthe left side of equation (13} is the value
for the T-33

It is seen that there is a choice as to the relative amounts of / Mo?. and

dMa to be used in providing artificial damping. It may be desirable in
practice to use both, rather than to operate only one channel at a higher gain.
The choice makes no basic difference in the short-period motion, but it affects
the amount of artificial stability required to simulate the phugoid motion.

The control effectiveness can easily be adjusted to the proper value. The
input to the elevator servo from the stick is an electrical signal, and a simple
gain adjustment in this channel varies the control effectiveness. Generally,
this gain will be set to give the correct Aﬂf_ per unit stick deflection. As
described later, the feel system will give the correct stick force per unit stick
deflection. Thus, stick force per g will be simulated.

We have been discussing thus far ideal simulation, i.e., simulation without
time lags. The lags inherent in the sensing instrumentation, the amplifiers,
and the servo actuators affect the results and must be considered.

The method of compensating for the effects of time lags on the artificial
derivatives will be discussed in the section on the analog computer investigation,
and again in the section on lateral simulation, Therefore, at this time, the fact
that compensation for time lag effects on the simulation is possible for the short
period motion will be mentioned briefly.

Formulae {13) and {14) can be rewritten as follows for the case of a first
order time lag of T, seconds, The additional terms serve to compensate

’
for the time lag effect,

AMy + Lo AMg = - (£,- £ ,.53)- €2, (15)

AMy + AMy = = (by - br.35) -7, (£,- 2, 55) -€b, (16)

where

€ = 'T;(b,; -~ br_3s5)
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Experience with equations (15) and (16) indicates that even for values of
7, representing reasonably good servo performance, the time lag compen-
sation terms may not b<e small.

Time lag formulae, equations (15) and (16),are based on two simplifying
assumptions; a first order time lag and the same time constant for all input
channels. Our experience so far indicates that corrections to the results of
the above analysis, due to considering second order time lags and various
time constants for the different channels, are relatively small.

One extension of the above analysis is of interest. If an elevator signal
proportional to pitching acceleration is provided, the apparent moment of
inertia of the airplane can be altered. It has been seen that it is not necessary
to do this in order to match the period and damping ratio of the short-period
motion. It may, however, be a convenient thing to do, because if somne of the
required artificial stability is provided this way, there is less to be provided
by t.he other channels. The question of simultaneous matching of #, and

@ is not affected by the addition of this type of artificial stability.

Equations corresponding to (15) and (16) can be derived, including "arti-

ficial inertia", The results are as follows:

AMy + Ly AMg = - (£, - £r 55) - €#, (17)

AM; s AMG = - (by - by 33 )-T(2,- 2, 535)-€by- %5 Ly My (18)

where now

M
1]

- éa' Md’ - T, (bA - b7'~33)

&d‘é/de“ R sec’

3 MJ are T-33 values

A
©y

It has been assumed that the artificial inertia channel has the same first order
time lag as was assumed for the other artificial stability channels. It is seen

that Jég can be used to allow changes of the required values of the other
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artificial stability derivatives.

B. ANALOG COMPUTER STUDIES OF SHORT PERIOD SIMULATION

1.

GENERAL

The purpose of the first work carried out on the analog computer
was to establish typical short-period characteristics for super-
sonic aircraft, and then to simulate these characteristics with the
T-33 aircraft. A particular problem investigated was the effect of
servo system lags on the short period stability, Both the BEAC and
EASE analog computers owned by the Laboratory were used in these
studies,

The initial approach was to try to match the equations of motion

term by term. This meant, among other things, choosing speed and

altitude to match the derivative [, . It was during this investiga-
tion that it was found better to match [, V/‘g . As will be seen,

this was a principal result of the analog computer work.
The basic short-period equations used were developed in part A

of this section. Equations (6) and (7) can be rewritten as:

(d+ly)da -da6 = - L,

s

{19)

(—Méd-Mx}Acﬁak(dz-Ma'd)A@=Mdo£, (20)
(See Table I for the particular definitions used here.)

SIMULATION WITH NO SYSTEM TIME LAG

For simulation of the characteristic longitudinal short-period
mode by the T-33 aircraft, the following approach was used, assum-
ing an ideal servo (i.e., no system time lag}:

(a) Write the short-period equations for the T-33, including

the artificial derivatives, and for the aircraft to simulated,
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[d+(Ly)rss]a-dO = - (L) 55 o (21)

T-33 (~[(Mi)yr.55 d+AMgd + (My )y 35 + AMy Jt
+fd*-(Mg), 55 d -AM; d ]6 = (KMyg), 35 s (22)

[a s (ol fo -d6 = -(Ls), o, (19)

Aircraft

B [(M )y dr (M) Jo s [dR- (MG, d] 6 = (KM,), d; @0

(b) Equate the coefficients of the two sets of equations as follows:

(Loc)r-n = (Ld.)A

(Ma)-n*AMoL = (Ma.}A
(Mé-)r—as'* oMz = (Mg )
(Ma')f-jgf AMé = (Mé)A

(KMd‘)r—sj = (KMJ)A

It is not practical to vary the C‘ac_ term in L, , but

the terms may be matched by the proper selection of altitude

and Mach number.

(c) Solve for the artificial derivatives:

IMy = (M- (My),_ s (23)
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AMO',_ (M&)A - (Ma'c)r-ss' (24)

(Mg ly - (M;)y 33 (25)

AMé

(d} The artificial stability is obtained physically by po sitioning

the elevator proportionalto & , & , and & . There-

fore, the elevator motion may be rewritten as follows:

Je:d;abdgéczfagzdfog@' (26)

where 0; = A d_;. = Pilot's input
L. AM,
0; ) ﬁMJ)T—JJ

.. AMg
% - /Md')r—:!s

AMg
g = 4Ms
g /(Md‘)r—z.s

(e} The complete equations for the longitudinal short-period
mode of the T-33 with an ideal servo can now be written

as follows:

[d+ (Latr.ss]a-d8=-(Lys), ,, %

—[(Ma'c)rd.’f d *(M«.)T—33]d *[d * (Ms')r._;; 5‘(]9"'.(/”5),-_,, Og (20)

(19)

4= dyrdasdia+dy 6 (26)

3. SIMULATION WITH FIRST-ORDER SERVO LAG

The short-period equations of motion for the T-33, considering

a first order elevator servo lag, may be written as follows:
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[d+ o] -dO = -Ls (27)

[-mea- BHad _y,  2e ],

f+z’ /*T’,d
da__ . ________9___ = S
+/ Mgd e /a (KMO,.) e d (28)

where 7" = elevator servo time lag.

For fixed-control stability, assume the pilot's input equals zero. Actually

the elevator in providing artificial stability will move in response to o , &,

and é .  The resulting effects on lift due to CLJ are negligible, and
so the lift equation becomes
do = [d+ L, o
Substituting this into the moment equation:
d a4
[-Md- AMad _ 1y _ AMy
1+7 T+T d 1+7,d
AMg
- My - =9 + = 0 29
+(d- M; rit, g (d+Ly)]e (29)

or

 AMy AM
[‘“ M“"}Tz-,—d"‘”’e‘ 7:?7/"
- My oLy AME ]
I+vrd “ 1+7, &,

If the artificial stability is removed, the equation reduces to that of a

second-order system,

d?+(Lgy Mg )d + (-My-LoMg) =0 (30)

For the 7-33 let
57_33 = Lg-Mg -Mg (31)
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‘ér_33= 'Mx'LmMé (32)
then

d%+ by ;d + B =0 (33)

This equation defines the short-period characteristics of the normal T-33.

Equation (29) for the T-33 with artificial stability may now be rewritten as
follows:

AMg AM 4
d* - & _ a
r[b"'” 1+7,d I+7,d J

AM, AMg
[Prss T e 7] 0
Multiplying by ( 7+ T,d):

'l’,d3+[/+ T, b, 53 a’2+[br_33+‘£', 7€T-33“AM9' *AMd]d

#[#, iy -AMy - Lo AM;] = 0 (34)

Assume this can be factored as follows:
(’[‘,d+/+€)(dz+b4d+;éA)=0 (35)

Now assume an Aircraft "A" which has the typical short-period character-

istics mentioned above. We wish, then, to make the two roots represented by

the quadratic factor in equation (35) equal to those of Aircraft "A", which is
to be simulated. Hence the subscript A in equation (35) refers to Aircraft "A",

(The third root is a mode associated with the servo dynamics. )

Expanding equation (35), the following is obtained:
Td s (I+e + T,bA)dzf (b, + €by + T, %, )d+ (4, r€R, )0 (36)

This equation has the two roots which define the short-period mode of

Aircraft "A", In order to determine the value of the T~33 artificial derivatives,
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it is now necessary to equate the coefficients of equation (36) with those of
equation (34), with the following results:

€ =-7,(by-br.55) | (37

AM + AM; (b, ~by.55)-€by-T, (£, -2, 55) (38)

AMy + LodM; = -(#y - £, ;) -4, (39)

Knowing the dynamics of the normal T-33 and the aircraft to be simulated,
it is possible to solve for the required artificial derivatives. The choice of

the artificial damping term pa) Mé was made assuming no time lag, i.e.,
AMg = (Mg)y - (M5)r s

The elevator deflection equation may be written as follows:

og+afxa£+a{,‘;,d'+ag;9'
= 40
% 7 +7d (0)

4, SIMULATION WITH SECOND-ORDER SERVO SYSTEM LAG

The compensated artificial derivatives were calculated assuming

a first order time lag as in the preceding section. The value of time

_ 2
lag used was takenas 7, < Z/wn seconds, where g and &/,

refer to the damping ratio and undamped natural frequency of the

second-order servo, ( Zg/a)n is the time lag of a second-order
system in response to a ramp input. It also closely represents the lag
of a second-order system in response to frequencies much lower than
@, .) This approximation is sufficiently accurate if the ratio of the
airplane short-period frequency to the natural frequency of the gervo
is small compared to 1.0. In the analog computer tests discussed in
the next section, certain runs were made representing a second-order

servo lag but with the artificial derivatives selected for compensation
with a first-order lag.
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The equation defining the motion of the elevator powered by a

second-order servo is as follows:

a’b+a&d¢d.';o'd+d'9'9'

d =

1425, a+ 4

5. RESULTS OF ANALOG COMPUTER TESTS

(a) Simulation of Case "A",

(41)

In order to simulate the typical characteristics assumed for

Case "A", it is first necessary to know the aerodynamic
For the T-33, a Mach number
of 0.65 at an altitude of 10, 500 feet was chosen to obtain the

characteristics of the T-33.

desired L , . The aerodynamic coefficients required for the

solution of the short-period equations are presented below:

COEFFICIENT T-33
Lo 2.34
Ly 0.135
M, ~8.73
Mgy ~0.531
My -1.173
Mg -27.7

(See Table I for the particular definitions used here,)

The artificial derivatives required for simulation of the

typical characteristics are presented below:

TINE LAG
ARTIFICIAL NOXE 0.05 SECONDS
DERIVATIVE FIRST~ORDER LAG
AM,, -97.4 -93.3
A Mg -0.250 -4.98
A Mg -0.527 ~0.527
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Particularly noteworthy is the large increase in damping
required to compensate for the time lag. This occurs

because &4 Mo,, is so large., This particular case was
chosen to give the largest A M& likely to be required.

In more normal cases, considerably less compensation

would be required. In this case, with time lag, d;;, has

a value of 0,180 deg/(deg/sec), which would indicate the
advisability of keeping the noise level on the o pickup as

low as possible.

The accuracy with which the T-33 can simulate aircraft "A"
is perhaps best shown by comparing the damping and fre-

quency of the normal accelerations, /1, » for the two

aircraft as determined from calculations and from the ana-

log computer.

Figure 1 presents BEAC runs of the T-33 simulating the
typical characteristics represented by Aircraft "A'., The

data presented in Table II were obtained from these traces.
The steady-state #27; has been simulated by adjusting the
pilots input ( Jo ). This can be obtained physically on the

T-33 by varying the elevator-stick gear ratio. In comparing

the frequency and damping ratio of N, on Record 6 with

Record 1, it will be noted that excellent simulation was ob-

tained.

Record 5 shows the effect of time lag without compensating
the artificial derivatives. Record 6 illustrates the effect
of compensating the artificial derivatives for time lag. It

will be noted that with the proper compensation, the simula-
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tion of normal acceleration is certainly accurate to the point
that a pilot would not be able to distinguish the difference in

the nf of the two aircraft,

It is not possible to simulate both steady-state A, and e

unless the true speed can be matched. Since the T-33 is
limited to 0. 8 Mach number, it is not possible to obtain simul-
taneous simulation of both parameters at transonic and super-

sonic speeds.

It will be noted in Figure 1 that the simulation of the 9- tran-
sient motion was poor in that the magnitude of the variation
for the T-33 was considerably too large. The T-33 flight

condition was selected to match the L, terms in the short-

period equation, i.e., (Lc(.) = (Lm )A . If, however,

7-33
the flight condition had been selected such that

C‘a/cl.“ (Which equals Loc %) was matched, then the

@ transient would have been more accurately simulated.
Unfortunately, records were obtained at only one flight condi-
tion so it was not possible to check this theory on the aircraft
UA' runs,

(b) Simulation of Case "B"
A sget of less severe typical characteristics was determined
in order to investigate the effects of T-33 flight condition on
accuracy of simulation. These characteristics will be re~
ferred to as those of aircraft "B'", and are representative of
transonic aircraft, Case "B' was simulated by the T-33, con-
sidering two different flight conditions for the T-33. The first
flight condition considered was the same as that used in the
simulation of case "A", while the second flight condition was

such as to match /_“ . A summary of the results is pre-
sented in Table III.
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Sample traces from which the above damping ratios and fre-
quencies were measured are presented in Figure 2. It will
be noted that in all cases the simulation of normal accelera-

tion ( ﬂf } was satisfactory with the exception of runs 8
and 9 in which simulation was not expected.

In comparing records 3 and 4 with record 1, it can be seen
that the simulation of & and & is superior at 10, 500 ft
altitude. At 10,500 ft altitude the T-33 was at a C"_ more

nearly approximating the relationship

Cop Jr-
(CL )r_33 = ?C“ﬁr 23 (CL )B , which accounts for
ton’/ B

the improved simulation of the transient variation of o¢ and

G .

Records 10 and 11 show the effect of time lag on the elevator
motion. In both records, the upper trace is the signal to the
servo with no lag. The lower trace is the actual elevator mo-
tion with time lag.

(c) Eifect of Time Lag on the Short-Period Stability
Figure 3 presents the effect of time lag on the short-period
stability. Records 1 through 5 show the effect of incremental
increases in time lag holding the artificial derivatives con-
stant. The most obvious result of increasing time lags is the
decrease in damping. With a 0,06 second first-order lag,
the aircraft is only slightly damped and is approaching neutral
stability.

Records 6 through 10 present the effect of incremental in-
creases in time lag but with the artificial derivatives selected

to compensate for the lag. With a lag of 0.10 seconds (Record
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10), which is much higher than would be obtained with a good
servo, there is no indication of instability.

In conclusion, it appears that the physical parameters (77, and

é } which the pilot senses during the longitudinal motion of the typi-
cal supersonic fighters considered in this study,can be satisfactorily
simulated using the T-33 aircraft. Care must be taken in setting up
the initial flight conditions on the T-33 to simulate true speed as

closely as possible, and then to adjust the altitude so as to simulate
¢,/ C., .

The system time lags considered in the analysis could be compen-
sated for by adjusting the values of the artificial derivatives, resulting
in satisfactory values of frequency and damping being obtained. In
general, however, it is believed that the most satisfactory over-all per-
formance will be obtained if the required amount of compensation for
time lag is kept to a reasonable minimum. Considering this and also
the question of what servo performance is reasonably attainable, it
was decided that the control system should be designed to have no more
lag than a second-order system with an undamped natural frequency of
7.5 cps and a damping ratio of 0.7. The results given in this section
show that compensation for this amount of time lag should be practical

and satisfactory.

C. SIMULATION OF THE LONG PERIOD (PHUGOID) MOTION WITHIN THE
PLANE OF SYMMETRY

The three equations of motion necessary for the phugoid analysis were

taken from Reference 1,

[D+CD-7'V+ MCon AV [C”“' C/A / ?ZT/AG 0 (42)
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[C' +777' Mzc"" av /-D+C‘“+C/Aoc+ D+ C_‘746 (43)

P
=“/2Cf-cf"2

[DC‘,”W—CM - 2C,, +2(H)7, - mC,, /_ "[DC C’/Aa
L 2
*/;;—Z 0LDC,, [46=(Cn )d,  wa

(TV represents the vanation of thrust with speed. It is defined as

In the discussion of the short-period motion it was noted that the natural
initial approach to the question of simulating an airplane is to try to simulate
each coefficient in the equations of motion. However, if equations (42) and
(43) are considered, it should be clear that it will be very difficult, if possible
atall, to simulate C, , 7, , C, , C, and C(, allatthe

same time. Therefore, the simulation of the phugoid motion must be accom-
plished in another way. Reference 2 has shown that the phugoid period and
damping can be varied over a wide range with the aid of an auxiliary surface

which provides artificial Cmv and C’”DV

The coefficients Cm and C”’D are artificial terms which are zero
v vV

for a normal airplane. They were added here because they are useful in vary-
ing the character of the phugoid oscillation as will be seen later.

Simulation of the phugoid will be approached in a manner similar to that
of that of Reference 3, A quadratic equation closely representing the phugoid
oscillation may be obtained by dividing the quartic characteristic equation by
the constant speed short period quadratic characteristic equation, A deriva-

tion of the phugoid oscillation quadratic characteristic equation employing the
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preceding method is given below.
Using the notation defined in Table I, equations (42), (43), and (44) can

be simplified to:

(de) +D A+ Dy AE = (45)
0
t, Y e (@ 1,)0a-d86 < -1,Kd, (46)
a

(M,;d+M)-—+(Md My)Bx -(d™M;d )46 = - M Kd, (47)

Assuming initially straight and level flight, TC’ = C’D and therefore,

the coefficient of 4 & in equation (46) reduces to (-4 ). A is the eleva-

tor-stick gearing rato.
The determinant representing the characteristic equation of motion can be

written from equations (45), (46), and {47).

d+ D, D, De
L, d+ Lo | -d
-Myd - M, -M;d - M, d*- M; d

This determinant can be expanded into a quartic expression in the operator o .
. 5 ) .
d%+a,d’+ra,d +a,d + a, (48)
The quartic can be represented by two quadratic factors

(d7+ b,d+ #£,)(d* b,d +£,) (49)

The phugoid motion is represented by the first factor and the short period by

the second. From equations {31) and (32} a good approximation to bz and
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“@z can be obtained,

b, = Ly -~Ms-M, (31)

L, = Myt LaMg) (32)

A good approximation to the coefficients of the phugoid quadratic can be found
as follows: The expression (49) is an alternate representation of the quartic,
(48), and so the coefficients of corresponding powers of & should be the

same. By setting the constant terms equal to each other, and then the terms

in the first power of @ , we obtain the following expressions:

<
&, = %o/ (50)
b, = (d,"bz-&r)/';é??_ (51)
The phugoid period and damping ratio are expressed as
b,
£y = 7%, (52)
D - 27T 53
[2,07-C,7 0] -

Now by expanding the determinant, g, and &, are:

a,== Dy (MutLouMg)+ Du (M, +L,Ms)tDp(M,+Loy My-L, M) (54)
Q,= DyllaM,-L, M) (55)

From equations {55), (32), (50}, and (53) the period becomes

My +Loa Mg vz
By (L Mg Lo, T 2

P =27 {56)
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Likewise combining the above eight equations, the damping ratio can be ob-

tained as

s

_/ Mo+ Lo Mg /Va 5 D (Mt L, Mg )t Dy (ML My-L, My )
Pl4Dg (L, My-LoM,) g My + Lo Mg

+ De (Lv Mm'Lva){l-oc'Mé ‘M&y (57)

(My+ Lo Mg )2

(See Table I for the particular definitions used here.)

From equation (56) it is evident that one term which can be varied to af-
fect only the phugoid is MV . When Mv = , P is that of the normal

T-33. When M is not zero the period will be equalto A+ A4F

v
Divide the equation for A by that for A~ +4F and solve for My . The
result, assuming no change in gp ; is:
ar (A P / 2
z +
I L, My P V4 8)
v Ly ( p AP y2 (
-+ —
D

where / 1is the phugoid period of the T-33A with M,=0 . AP isthe

desired change in period. The phugoid damping ratio is usually much less

H]

than unity so that for a good first approximation to the value of artificial MV
2
the change in gp can be neglected.
M‘; is the only term which affects only the phugoid damping ratio. The

amount of artificial M necessary for controlling fp can be obtained

from equation (57) by solving for MV . The result is
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+L M; 40, (L, M,~L, M, )]z
.- o T D
MV - / / M, + LmMé + 5

Do lLyMy-La M )(LyMs -M;)  Du(My+L, -)+D(M—L.,May(59)
( My + Lo M;)? M + Ly M

where g’,, is the desired damping ratio.
Thus it has been shown that the phugoid period and damping can be con-
trolled by artificial M, and M

D. SIMULATION OF LATERAL MODES OF MOT!ON

1. DISCUSSION OF THE EQUATIONS OF MOTION

As mentioned in Section III, the significant variables for lateral
simulation are the yawing and rolling motions, possibly the lateral
acceleration, and the stick and rudder pedal forces and deflections.
Hence, these are the variables which should be made as nearly equal
as poss.ible for the test airplane and the airplane to be simulated. In
order to demonstrate a method of producing the above result, the
lateral equations of motion will be investigated. As defined and writ-

ten in Reference 1, these equations are:

/ 7 ; C',, W.smyo -r
N Nl

Cy WCOS . -7
+ [ - 2 2D ) C, o 60
/ 2/“2 // 2/“2 ";‘r 4 )

b
-Céﬁ/LZ}DC/( }/DC/U)C}JO,C'O’ (61)
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: rb . pb
. - it - - Loy Cc, d, 6
C, ﬁf/c},D C,,’:/(%/*/%}D C”"//,?Va/ C;,a:zc[f+ vy, I (62)

This non-dimensional form is inconvenient for demonstrating a simu-
lation technique and should therefore be changed to a form using real
time and having the actual roll and yaw rates as independent variables.
In addition, the equations can be rearranged so that the product of
inertia effects are absorbed into the coefficients, and so that the coef-
ficients of the highest order terms are made unity. When these changes

are made, the eguations become:

(d-1G)84[(1-%.)-Vyd "]rsf-ryd - AR A Y
lgB-Lprt(d-Ly)p= Ly &y +Ly, I (64)

Wy B+ (d =N Jr-Hp = Ny &+ Ny . (65)

The coefficients in the above equations are defined in Table IV. (Note
that these definitions are not the same as those sometimes used in

writing dimensional equations of motion. For example, }26 does
not equal ( //m )(dy/d/ﬁ) , and /\/ﬁ does not simply equal
(’/_fz)(d/v/a’ﬁ ) ) Equations (63), (64), and (65) repre-

sent the equations of motion of an airplane to be simulated, while a
similar set of equations with the subscript '"1'" on the coefficients will
be used to represent the test airplane. The procedure is now to at-
tempt to obtain identical motions of both airplanes by making the cor-
responding coefficieﬁts on the left hand sides of these equations equal.
In addition, the gearing ratios between the cockpit controls and the con-
trol surfaces are to be adjusted so that the same rolling and yawing
accelerations will result from equal, pilot-applied, control deflections.
The differences in corresponding aerodynamic coefficients in

equations (64) and (65) for the two airplanes, may be corrected by de-
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flecting the rudder and ailerons of the test airplane proportional to the
" various independent variables, through position servos. Thus, the

rudder and aileron deflections may be written:

0. . b  ode  Id ad,

%58 FF f'*;;‘ﬁ+aagp0fap+(;‘géés (66)
id, . ddy  IL, I, d,

Jd—gﬁ-ﬁ?‘dr f"f'dp p*-ddepdépf.dd;sd’;s (67)

where JRP is the rudder pedal deflection and d:c\s is the trans-
verse stick or 'aileron stick'' deflection. Provided the effects of
position servo dynamics are negligible, the corresponding coefficients

of/3 in equation (64), for example, may be made equal as follows:

3, Id,
ot ba, G L, a5 - Ls (€8)
dds dd

and

B B

suitable gain settings in the control system. Similar relationships

The factors are adjusted, as required, by

may be written for the other coefficients and for the gearing between
rudder, ailerons, rudder pedals, and aileron stick, making equations
(64) and {65) identical for the two airplanes. If it were also possible
to make the side force equations identical, simulation would be accom-
plished. Matching of all the aerodynamic coefficients as described
above would guarantee the proper phase and amplitude relationships
among the various independent variables in each of the lateral modes,
while adjusting the gearing ratios would determine the proper magni-
tude of each mode excited for a given control input. It now remains

to discuss the effects of servo dynamics and differerices in the side

force equations.
2, EFFECTS OF THE SIDE FORCE EQUATIONS

In determining the effects of the side force equation it is of
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interest to substitute equation (66} into equation (63) and to transpose

terms.

//y }%d/ﬁ/(yf- "f Ydj
o/l S, %ot 3

od, ad,
The (}{. + 19,_ drr) term and the (};’ + ’:fr' O‘f: )

!
term are generally negligible and the Vy, term is zero for a level

flight reference condition, which is the principal case of interest. On
ddp . .
the other hand, the ( ) constitutes a considerable change

in the effective }53, term. Hence, it is desirable to choose the T-33
flight condition such that

dd.f‘ ' '
Ve * ¥ =V,
[ SRV ) % (69)

For the spiral mode, the characteristic time is nearly proportional

/V or ( %/Q cos D") This shows for level flight, that

it is necessary to fly at the same true airspeed in order to simulate

the spiral mode accurately, providing the coefficients of equations
(64) and (65) are chosen as mentioned. If the above conditions are
satisfied, then the frequency and damping of the Dutch roll oscillation
and the characteristic time of the roll mode would be very nearly
matched. The terms on the right-hand side of the side force equation
have no effect on the fixed cockpit control motion within each of the
separate lateral modes. They do affect the relative magnitudes of
these modes for a given cockpit control motion, but are generally not
of importance compared to the cockpit control effects on the rolling

moment and yawing moment equations.
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The side load factor at the center of gravity, Ny , is related
to the airplane motions by the following expression (for the level flight

case)

ny, + sin ¢ =(%/g)(r- +ﬁ.) (70)

If the three equations of motion are simulated well enough so that
correct variations of ¢ , ¥ , and ﬁ » are obtained, and if
furthermore true airspeed is simulated, then it is seen that the side
load factor also will be matched.

Now assume that the altitude and speed are chosen to satisfy equa-
tion (69) but the true airspeed of the test airplane is lower than for the
airplane to be simulated. In this condition, the rate of change of flight
path direction, [ r+/53.) , resulting either from aerodynamic side
force or bank angle, will be too large in the same ratio that the speed
is too small. )

It should be mentioned that under certain test conditions, it may
be desirable to determine the flight condition other than by equation
(69) for the purpose of matching more closely the side load factor at
the pilot's location during a transient maneuver. Also, more accurate
simulation of the spiral mode may be attainable by relaxing slightly the
conditions for simulation of the other modes of fixed cockpit control

lateral motion,
3, EFFECTS OF SERVO DYNAMICS

An investigation has shown that practical position servo perform-
ance, combined with a method of correcting for servo dynamic char-
acteristics, is sufficient to make phase lag effects negligible. This
method is illustrated for the case of artificial dihedral effect. If the
servo system, including measurement of sidesiip angle and position-
ing of the ailerons, is assumed to be represented by an equivalent

first-order system of characteristic time 7, , then the sideslip term

H
of equation (67) may be written:
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% (ra)
% s (Tog,a/” m

In order to compensate for phase-lag effects, another aileron term
ig added, which is nominally proportional to ﬂ . This additional
term is also affected by servo dynamics and, for the sake of sim-
plicity, the same dynamic characteristics are assumed as for the

/3 term. Now,

od, . o, -
o5 Pt op L
(/"Trd)

oy =

This can be written

ad, /0, |
.. 9% My a/s/d -
2" 48 /+7,d %

. 7]
Then if we choose doﬁ‘/ﬁﬁ equal to T; %/5 , the time lag

effect is cancelled out, and we have exactly

4 = 2% s
1 d/3

Now let us apply this principle to the example of artificial di-
hedral. Lﬁ is the derivative for the airplane being simulated., We
choose aagi/dﬂ for the T-33 as if there were no effects of

servo dynamics, in the way indicated by equation (68):

dd;
Lﬁ’ -+ LJd, dﬁ = Lﬁ

Now let L; be the actual derivative obtained with the T-33, includ-

ing the effects of servo dynamics. The aileron is made to respond to

/; as well asﬁ
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iy ey [ L) i

Ly = I 7 (73)
AT ddjé/;}? i
4 'z
Lg=Lg + L(fa/ dﬁ)/ Tr 1 d / (74)
Let F(d) = Lg,/ Lg , which is the ratio of the actual

derivative obtained to the desired derivative. It will be seen that if
we choose 9% /dﬁ‘ equal to 7, (dd&/dﬂ ) , then time
lag is cancelled out and r fa’) =/ for all frequencies.

Now that a general method of compensation has been established,
more realistic servo dynamics may be investigated. At and below the
usual frequencies involved in airplane motions, a practical combina-
tion of measuring system and positioning servo may be represented
by an equivalent second-order system of undamped natural frequency,

&, radians per second, and damping ratio, € . Hence, equation

(74) becomes:

-

od. /
L =L, +L d/
A ) d. 2 z
r %, 08 {.,.ﬁd,..f%
Wy, @,
ad. d
+Ly z/ (75)
2, JpO /*ZCZd-f- dz
Q)ﬂ 7

Two different undamped natural frequencies and damping ratios are
assumed to account for variations in measurement and filtering lag
between/j andﬁ' . Neglecting the ™ 4% " terms in the denominators,
and comparing with the method of compensation for the first-order time

lag, the following choice of 9%/, Y is made:
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dord/?/é :(2 Z,/w”’) o’a[z/gw (76)

This type of compensation is again equivalent to adding phase lead by
the use of /é as an input to the aileron servo, but only enough lead
is introduced to account for the lag caused by the damping term of the
second-order servo system. The result is not perfect compensation,
as in the case of the first-order lag, but phase lag effects are kept
small up to comparatively high airplane frequencies. To demonstrate
this result, the magnitude and phase of f(d) are shown in Figure 4
for the following example. (It will be recalled that 7 () is the ratio
of the actual L  obtained to the desired Lz .)

w”’/er = 7.5 cps £ = .70

w"z/,anr = 5.0 cps g, = .60
and

L/S = ZLjsr

Since the magnitude of #(4) remains within 6% of unity and the phase
lag is less than 1° up to about 2 cycles per second, it may be concluded
that use of/3. . f; , and f; inputs to the aileron and rudder servos
will allow adequate compensation for normal servo dynamic character-
istics, provided the significant frequencies involved are below 2 cycles
per second. On the basis of this result, it appears that satisfactory
compensation for time lag can be achieved if we work to the same re-
quirement as that chosen for simulating the short-period longitudinal
motion. The lag is not to exceed that of a second-order system with
an undamped natural frequency of 7.5 cps and a damping ratio of 0. 7.
It should also be noted that the availability of the roll and yaw

angular accelerations, p' and 7 » as servo inputs make possible sim-
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ulation of moments of inertia about two axes as well as products of
inertia. The equations have been written so that this is not necessary,
but in practice it may be helpful to take advantage of this fact.
Simulation of an airplane which employs a yaw or roll damper
may be accomplished by the use of the above methods, provided that
the airplane is assumed to have a set of stability derivatives different
from its actual aerodynamic derivatives. That is, each assumed sta-
bility derivative is considered to be the sum of a natural airplane
derivative and an artificial derivative, caused by the yaw or roll
damper. This assumption is valid for the yawing moment and rolling
moment equations and has little effect on the airplane motion through

the side-force equation.
SUMMARY

It has been determined that the use of servos, positioning the
rudder and ailerons nominally proportional to sideslip angle, rolling
velocity, yawing velocity, and their first derivatives, makes possible
term-by-term simulation of the two moment equations. Furthermore,
the effects of inexact simulation of the side-force equation were found
to be principally restricted to the spiral mode of motion and to the
relationship between the rate of change of flight path direction, bank
angle, and side load factor. Inaccuracies in the spiral mode and rate
of change of flight path direction may be reduced to a minimum by
matching of the true airspeed and by proper choice of the altitude of
the test airplane. A general method of compensation was developed
to allow simulation with the effects of servo dynamics included. An
investigation of the lateral control forces is covered in the following

section on Simulation of Control Systems,

SIMULATION OF CONTROL SYSTEMS

To simulate a control system, it is necessary to provide the correct

relationships among cockpit control forces, cockpit control deflections and

airplane motions. It is convenient first to describe how the desired control
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forces are generated in response to the pilot's use of the controls and in re-
sponse to the motion of the airplane. Then we shall proceed to the question
of sending proper corresponding signals to the control surface servos.

In order to simulate various airplanes, a considerable degree of versa-
tility must be provided in the control system. In some airplanes, the feel
comes directly from the aerodynamic hinge moments. In others, irreversi-
ble power controls are used, in which cases there are artificial feel systems
to be simulated. Some of these are designed to reproduce the effects of aero-
dynamic hinge moments, while others rely on or emphasize mechanical de-
vices such as springs and bob-weights. To be able to produce a variety of
effects and at the same time to have a system that is flexible and easily ad-
justable, it is desirable as far as possible to use electrical means to compute
a signal representing the desired force, and then to use a servo to convert
this into actual force. The other possibility is to include in the control sys-
tem various mechanical devices, such as bob-weights, springs, and dashpots,
which would directly produce the desired effects. Such installations would
be inconvenient and certainly not easy to adjust in flight. In general, it appears
that the electrical approach can best be used in the T-33 control system. The
block diagrams at present, however, show mechanical devices for producing
the effects of dry friction. It is expected that some current work on another
contract at Cornell Aeronautical Lahoratory will show that a representation
of such effects can be generated electrically. If the early results of this work
are satisfactory, consideration will be given to changing the T-33 control sys-
tem accordingly. ’

The feel servos will apply forces to the stick and rudder pedals by means
of hydraulic cylinders. The differential pressures in these cylinders will be
determined by pressure-control valves which respond to electrical inputs.
Thus electrical signals are converted to control forces. Electrical signals
are generated as described below for all the different effects that are to be
simulated.

A s mentioned in Section III above, an alternate method is to measure
stick force and the other pertinent quantities, and then to compute electrically

a signal proportional to the proper corresponding stick deflection. This
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signal is fed to an ordinary position servo which then drives the stick to this
deflection. Experience at Cornell Aeronautical Laboratory with this type of
"artificial spring" has shown that dynamic stability difficulties can be en-
countered with it. Inertia forces due to the stick's own mass a,nci the effective
mass of the pilot's hand and arm will be picked up by the strain gages and will
cause the servo to move the stick. Stick motion produces inertia forces, and
so the possibility exists of closed-loop unstable oscillations. A similar situa-
tion is possible with the pressure control valve. Here inertia forces cause
stick motion. This motion is picked up by a transducer and a signal goes to
the pressure control valve., The resulting pressure variation acts on the stick,
tending to make it move. Again there is a closed loop. Analysis shows in each
case that servo lag is the source of stability difficulties. Analysis has further
shown, however, that the system using the pressure-control valve is less sub-
ject to this dynamic stability trouble. For this reason, the pressure-control
system has been chosen for the T-33, This decision will be verified by testing
a rig simulating the feel servo installations.

The elevator feel system is shown in the block diagram of Figure 5. The
stick force signal which goes to the valve is computed according to the follow-

ing equation:
fes =d,d&-‘5+d20€.57+djf(d£;5)+d40(\£5+ai‘5i7f+d6+d77 {77)

(The diagram shows also that a stick force measurement is fed back to the
computer to provide closed-loop control of the force. This may not be
necessary if the valve has a consistent calibration factor and good enough dy-
namic performance.}) The various terms in equation (77) provide the following
effects,

a, dfs Stick force proportional to stick deflection with

constant gradient; represents a spring.

a,deq Stick force proportional to stick deflection;

gradient varies with g ; represents aerodynam-
ic hinge moments due to Ch or represents
o

artificial system with speed feel.
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&37&‘/‘7;‘5) An additional stick force which is a non-linear
function of stick deflection. This can be used
to represent non-linear spring characteristics,
springs with dead spots, pre-loaded springs,

etc.

a d Stick force proportional to rate of stick motion;
effect of a viscous damper; effect of a valve
centering spring in a power boost system.
(This may also serve a purpose of stabilizing

the stick servo dynamics.)

a,n, Stick force proportional to normal acceleration;
effect of a bob-weight. This term is also used
to account for aerodynamic hinge moments due
to Cf’a, . To a reasonably good approxima-
tion, », 1is proportional to g . There-
fore, this term could be written & , & g
representing an effect proportional to both angle
of attack and dynamic pressure. This is like

the effect of Cha,

. Adjustable trimming voltage. Can also be used

to represent a constant-force bungee.
ad,q - Trim tab.

Two methods of trimming the stick forces are available, The term
d, g simulates 2 trim tab and is the natural one to use when speed feel is
provided. The term &, furnishes an adjustment which does not vary with
speed, This is the natural method to use when there is no speed feel, as with
a plain spring. One further adjustment is provided. The pilot can send an
adjustable signal direct to the elevator servo. With this he can vary the ele-
vator angle corresponding to a given stick position. Thus, he can make the

stick ride at the correct fore-and-aft location in the cockpit. This also pro-
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vides a type of force trimming which is used with some power control systems,
The stick position for zero stick force remains unchanged and trimming is ac-
complished by sending an independent signal direct to the control surface.

The aileron feel system is shown in the block diagram of Figure 6. The

equation represented is simply

This represents a linear spring plus a non-linear additional function of
stick deflection. As explained in Section IIT it is not considered necessary
in the case of the ailerons to provide speed feel. A ground adjustment will be
provided to insure that there is zero force at zero stick deflection. For later-
al trimming in flight, the pilot will have a control which sends an adjustable
signal to the aileron summing amplifier. This will permit him to adjust the
aileron angle obtained with zero stick force,

The rudder feel system is shown in the block diagram of Figure 7. The

equation represented is

/]_ep:'cr‘g:zpf 'czd;ng Csf(dép)'* T,

4 (79)
T, Top Linear spring.
c, Top Aerodynamic hinge moments due to Chcf or
artificial system with speed feel.
€, f (058,,) Non-linear additional function of pedal deflection.
% 7y Aerodynamic hinge moments due to (},}6

/73 is used as a measure of/)‘ q

Trimming is provided in the same way as for the ailerons,

All of the coefficients in the three equations presented above will be ad-
justable in flight.

We have now established the control system so that the correct stick
forces will result from the pilot's movements of the controls, and also from

the response of the airplane. We must next arrange to send the correct com-
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mand signals to the control surface servos. Two alternate methods are pro-
vided for doing this.

The first, and apparently most natural, way is to measure the motions
of the cockpit controls (stick and pedals) and to send the resulting signals to
the control surface servos. On each of the three block diagrams, this type
of operation is obtained when switch S  is in the down position.

The second method works basically from control force measurements.
To be specific, consider elevator stick force, and suppose that the term

d, sts q is large compared to &, 0'55 , i.e., the system
primarily has speed feel.

Solve equation (77) for o, as follows:

(80)

ad. - ff:'s"/;"r Tpst a5 f (dps) *d#’g's*ds”z*a-s*dr?]
295 =
| 4

The elevator angle computer produces the numerator of this expression, and
this signal is then divided by q . The resulting signal is sent to the elevator
summing amplifier. For this type of operation, switch §,
S, is to the left.
If instead the system primarily does not have speed feel, the equation used

is up and switch

is

a,%s = F -[a’zd‘fsq *dy f(d;;s) r, 0?55 P sy +d6+d7?-/ &)

This is obtained with switch S, up and switch S, to the right.

Exactly similar arrangements are provided for the aileron and rudder
systems.

The first method is good when the cockpit control motions are large
enough to measure easily, and also when the stick forces are small. If the
control motions are small, however, there may be resolution difficulties and
trouble getting consistent, accurate measurements of small motions. The
second method, conversely, is good when the motions are small, and when the

forces are large enough to measure easily. It also permits working with a
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rigid stick which does not move at all, which is of interest for control research.
Also, it is believed that a pilot flies more by control force than control position,
On this basis, even though it appears indirect, the second method may feel more
natural to the pilot. This is a subtle sort of thing and probably can be answered
only by trying both systems in flight. On the whole, there are enough pros and
cons when considering the wide range of characteristics that we want to have
available, that it appears best to provide both methods.

The command signals from the cockpit controls go into the summing ampli-
fiers with adjustable gains. These gains are set to provide the correct ampli-
tude of airplane motion in response to the applied forces.

The dynamics of the control system need also to be considered. There
are two questions, the dynamics of the feel servo, and the dynamics of the con-
trol surface response to pilot force or stick motion, Satisfactory feel servos
have been previously developed on other programs by the Flight Research
Department. The feel servo tests described later in this report show that even
better dynamic performance than before can be obtained. Accordingly, it is
believed that the feel servos can be made to feel like ''real springs', so that the
pilot will be unaware of the feel servo dynamics,

The signals from the cockpit to the control surfaces can come from either
stick force or stick position measurements, and whichever source gives the
more desirable over-all system response can be selected. These aignais are
then subject to the lag of the control surface servos. The requirements of
artificial stability call for quite high performance servos, with an undamped
natural frequency of about 10 cps and a damping ratio of 0.6 to 0.7. Previous
experience indicates that the lag of these servos will be imperceptible to the
pilot. Their dynamic performance is comparable to the best being currently

achieved in airplane power control systems.
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SECTION V
DESIGN OF SOME SPECIAL CONTROL SYSTEMS

BY H.S. RADT, JR.

A. INTRODUCTION

Several provisions are to be included in the T-33 control system for the
purpose of conducting research on the design of cockpit controls, with regard
both to their configurations and their functions. One such provision is the
interchangeable wheel and stick arrangement, which is described in Section
VI1II, below. Other provisions are aimed at making the pilot's task as simple
as possible by relieving him of all but the very basic control functions, A
specific example is automatic coordination of turns, so that he will not have
to bother to work the rudder pedals for this purpose. The simpler his other
tasks are, the more he can concentrate on the primary task of hitting his tar-
get. Another approach is to investigate unconventional responses to the con-
trols to see if some new ideas can be obtained as to how the handling char-
acteristics of fighter airplanes can be improved. These various provisions
include automatic coordination by two distinct methods, one '"open-loop' and
one ''closed-loop', automatic positioning of the elevator to maintain altitude
in a turn, and conversion of the aileron controls from roll rate to bank angle
position controls. Other systems such as combinations of the above, are
available as a result of the great versatility of the T-33 artificial stability
system, ‘

Coordination may be considered to be maintenance of either zero sideslip
or zero side-load factor, either of which might be significant under various
circumstances. In the discussions following, however, the definition involving
elimination of sideslip will be employed throughout. The difference is not very
great, and this is the convenient case to work with. Referring to equations (63)

and {65), and assuming

ﬁ = 0, yd;, = yp V;& = };, = O, the reader may verify that

}
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re ¥, f (82)

Ny & = =[Ny & + Npp -7 ¢ N1/ (83)

If /‘5 is to be kept equal to zero, the rudder must be moved so that this equa-
tion remains satisfied, The equation thus defines a method of coordination,
Now if 7 or ¢ from equation (82) is substituted into equation (83) a second

and a third equation representing methods of coordination may be written.

N .
Wy 4. =-[N0;zé+/—}f-//r’+/vrrj (84)
N
N ) S R

Equation (83} may be eliminated as impractical since rudder positioning would
depend on four inputs, while the other two systems require only three. Note
that the first terms of equations (83), (84), and (85) correspond to "adverse
yaw'' effects, while the second terms of (84} and (85) are necessary when the
airplane is rolling during turn entry. The first two terms, then, are needed
during the transient part of a turning maneuver, the last term providing the
required rudder to prevent sideslip during steady turning. The method sug-
gested by equation (85} is the one chosen for investigation here.

Another general approach to minimizing sideslip is by the use of a
""closed-loop' control. Sideslip is measured, and the signal obtained is con-
sidered as an error signal. This is then fed back to the control system to
move the controls in the direction to reduce the error. The feedback signal
includes also the derivative of the error and the integral of the error. De-
flecting the rudder in proportion to a measurement of sideslip essentially pro-
duces an artificial C'nﬁ . In effect, this minimizes sideslip simply by
increasing weathercock stability. Steady-state /5 is wiped out by integral con-
trol, while rudder proportional to/é compensates f.or the decrease of dynamic

stability due to proportional and integral control. ﬁ , or derivative control,
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has a further use in reducing the amount of sideslip developed during turn
entry, ,
It should be noted that several variations of these means of turn coordina-
tion are inherently possible with the T-33 artificial stability and control sys-
tern.

An additional provision to be included is automatic application of the ele-
vator angle required to maintain altitude in turns. With this plus automatic
turn coordination, the pilot will have to use only one control, the ailerons, to
make a turn, The automatic elevator control operates on the following basis.

Consider the equilibrium of forces in a steady, level turn.

L

Lcosg =
V;ﬂ (86)

L = 1ift
W = weight
V = true air speed

¢ = rate of turn (about a vertical axis)

The load factor required in the turn is
il /

Ng =70 = ———

2 W  cosgd

In level flight, the load factor is 1.0. Therefore, the increment required is
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/-cos &
Aﬂz -I7£'/——"m— (87)

This increment of load factor is dependent on the dynamic pressure,

incremental elevator deflection, and pitching moment due to pitching velocity.

A / C s
An. = mde Z]cf mpe in
2 " (w/s) fac,, ) 7 2 ac,,, (*'coTs
aC, acL

Hence, the elevator required is given by the expression

(O { e

A computer is to be included to provide an elevator deflection of the form

/-cos g
K/ cos @

(88)

which approximates equation (88) in a form more easily computed. When K
is chosen prop.erly, there is no significant loss of accuracy.

Finally, an additional arrangement will be furnished to make possible bank
angle response proportional to lateral control displacement. The principle of
operation is explained by the following simplified analysis. For small sideslip
angles, the rolling moment equation (64) may be approximated by:

(d—/_P}p.—Lo; d, , (89)

from which it may be seen that steady-state roll rate is proportional to aileron
deflection. Aileron deflection is normally proportional to lateral stick dis-
placement, but the proposed system will include aileron response to bank
angle,and roll rate in addition. Now aileron deflection may be represented by

the expression

GQ = 2, JAs+’é2P+’@3¢ (99)
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Substitution of equation (90} into equation (89) yields
2
[d°-(Ly+ %, Lyld-# Ly]p = £,L, dy O

with the result that steady-state roll rate is zero and steady-state bank angle

is proportional to lateral stick deflection, ¢

o) o

An alternate but less direct approach involves the use of large artificial

negative C[ . Apgain assuming /3 very small, equation (64) may be
r
written:
~Lore(d-Ly)p = Ly 4, (93)
Now let the ailerons move proportional to yaw rate and to lateral stick dis-
placement,
G = Ryr+ Ry dys (94)

Combining equations (82), (93), and (94) shows that
[dLpd - V(L. + &, L, )];é = (85 Ly, ) s 195)

which is a result similar to that of equation (91). Other aileron inputs will
include roll acceleration, to vary the new roll oscillation frequency without
changing the steady state bank angle response, and roll rate to give added
damping.

With automatic turn coordination, only the aileron and elevator controls
are used by the pilot in turning. If the elevator to maintain altitude is also
included, then he need only operate the aileron control. This results ina
"one-control! airplane. A final additional refinement is the transformation of
the lateral stick control from a roll rate control to a turning rate control.

The result is an airplane with a type of turn control which is similar to the
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isteering' of an automobile. In summing up, there exist several combinations
of these special control systems which will be investigated to determine their
effect on the pilot's ability to control the airplane.
1. Automatic coordination, or two-control airplane.
2. Automatic elevator to maintain altitude {another 'two-control" air-
plane).
3. Automatic coordination and elevator to maintain altitude, or "one-
control™ airplane.
4. Proportional bank control,
5. Combination of proportional bank control and automatic coordination.
Combination of automatic coordination, elevator to maintain altitude

and proportional bank.

B. DEFINITION OF COORDINATION

There are two possible definitions of coordination, one implying zero
sideslip and another implying zero side load factor. The two are related as
follows:

_ 99 rb b
n, = W C'ﬁ,s/f}f C},/' Z7 Cf,'oZ +C}d‘,. cfr

Neglecting the yaw and roll rate terms, this may be shortened to

S
n—‘f:_W_q/CQ’é-fCVd;, 0;./ (96)

Under normal circumstances the amount of rudder required to prevent side-

slip is small, and (), ,,  is about one-third of Crp -

Thus, minimiza-
tion of/3 and minimization of rny are nearly equivalent. It may be seen,
however, that the method of coordination may differ depending on which of the
above variables is minimized. Let us consider, then, the significance of zero
load factor and of zero sideslip.

The pilot ig able to judge the magnitude of side-load factor by observing

his ball-bank indicator, or rather approximately, by feel through "the seat of
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his pants. " Side-load factor, then, has its chief effects on the pilot directly.
On the other hand, sideslip has special significance during firing of rockets or
projectiles. If a rocket isfired from an airplane flying with a sideslip angle

it will "weathervane' toward the direction of the relative wind. As a result

it will be deflected from its intended trajectory. For this reason /3 = 0 will

he taken as our definition of coordination.

C. AUTOMATIC TURN COORDINATION BY THE USE OF RUDDER PROPORTIONAL
TO BANK ANGLE, ROLL RATE, AND AILERON DEFLECTION

The procedure here is to analyze the problem of coordination from the
equations of motion, following the methods suggested in the introduction. At-
tention is also paid to the resulting lateral gust response and, in a later sec-
tion, the possibility of programming the various necessary gains. Analog
computer solutions verifying some of the conclusions, are included.

By assuming Yo = VV’ = )/p =0, solving for » from equation (63)
and substituting for # in equations (64) and (65), slightly different rolling

moment and yawing moment equations may be written.
(Lpd-Lg)Be(d-L,-Lyd)p - Ly oy + Ly o (97)

(~d™Wgd - NGB« (-~ Wid ™ Dp= Wy s+ My by ] (ot

The primed ( 7 ) coefficients are derivatives changed or introduced by the

substitution employed above, and are defined in Table V. Now, substitute
d; - )&d 0‘; * V@pp * 3@¢ @, as suggested by equation (85) in the
introduction to this section. Equations (97) and {98) become
- ’ - - - -7 -

and
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(~d*Hid N5 ) B[l £d-(l £y Ny RNy ) - (N Ryr Hg)d o
=[//V4+ Ndfrf@a)-){,rédd_/d‘; (100)

Our aim now is to have the rudder produce yawing moments in such a way as to
minimize sideslip angle. We examine the yawing moment equation to see what
can be done to minimize the coupling between/17 and the other variables. As

a result, we make:

A/d’f_ -;@P-/-IV); =0

'@ L 4 N¢ = 0
and Nd;.’@qv, # /Va& = 0
Equation (100) now becomes:
(~d*-N5d-Nj B+ Y, (Rod-Ry)p= -7, #,d (1o1)

If Kfr is negligible, this reduces to 4= 0 , which is exactly the desired
result. In practice, \{fr_ will be a secondary effect producing small de-
partures from perfect coordination., The sideslip angle response to an aileron
deflection and to a gust induced sideslip angle, ﬂ , are given in Laplace trans-
form notation in equations (102) and (104), respectively.

Equation (103) shows the ratio of sideslip to bank angle in complex form
for aileron induced sinusoidal rolling, while in equation (105) is given the roll
angle resulting from a gust induced sideslip. Equations (103), (104), and (105)

are approximate expressions.

£18} y, ad Ry (L +Lgp By )R (Lo 1 Lg, 2o )d+[Ly %158}
Lld,} f'{[d—(épattf,«’_aép)-(l.;+L’,—r»€'¢)d"][a’ YNsd+ N+ )&[a@f,da»#d[l,.d-é;]}

(102)
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£ ~ Y, f[/'wffﬂg’@gb 'L;a s~ %, W,cz]“[@f/ z[ép (L% *L;f,’éa)' £, {LP * L},%p)//

g~ % [Ly Ly 2 J[(Ng -wf)+j(wg NE )] (103)

L1867 _/ e / (104)
Liho} — (d7+Nid+Ng

? (L. N+ Ly N )+ j(we Lg) (105)

Po ™ [ i Jf 5, 20 o, TR

A typical {light test condition at M = 0.70 and an altitude of 10, 000 feet
was chosen for the following analysis. For this condition the various aero-
dynamic, gravity, and inertia coefficients of the T-33 are given in Table VI.
The sideslip irequency response to sinusoidal bank angle oscillations, as ob-
tained from equation (103), is plotted in Figure 8 in terms of the ratio of side-
slip to bank angle, for the T-33 with automatic coordination. Also included
for comparison is a similar plot for the normal T-33. Figure 8 shows that
the peak sideslip is reduced to less than 3% of the value for the normal T-33.

A similar demonstration ¢ the decrease in sideslip appears in Figure 9,
which shows the results of an analog computer investigation. In order to in-
clude steady turning as well as turn entry, an aileron deflection was applied
and then neutralized. The method of doing this was to apply a sudden aileron
deflection of 4 degrees, and then allow it to decay exponentially with a time
constant of 2 seconds. It should be mentioned that at the flight condition
chosen, the T-33 remains almost coordinated with the use of ailerons alone,
Thus, only a small amount of rudder deflection is required to produce almost
perfect coordination. However, the principle of automatic rudder positioning
to avold sideslip is well illustrated. Figures 9A and 9B show that the sideslip
angle is decreased from a maximum of 0. 33° to practically zero by the addi-
tion of automatic rudder. In Figure 9C is shown the response to the same

aileron input but with the amount of rudder proportional to roll-rate low by
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20%. This case was included simply to check the effect of departure from the
correct setting. It is seen that considerable improvement compared to the
normal airplane is obtained even with the incorrect setting. It can be noticed
by comparison of Figures 9A and 9C that the maximum sideslip is 0.125° or
about 40% of the value for no artificial coordination. Hence the amount of
rudder deflection is not extremely critical in maintaining small sideslip. Com-
parison of Figures 9A and 9C further shows that the frequency of the sideslip
and yaw oscillation is unchanged by the addition of rudder to coordinate.
Equation (104} is an approximate expression for the lateral gust response

in sideslip. The roll coupling terms in the yawing moment equation, Nr;

- -7
and N¢ d , are neglected for the normal airplane and }f{r is assum-

ed small for the automatically coordinated airplane in deriving this equation.
Omitting the same terms also reduces the expression for the roll response
to equation (105). A similar expression representing the normal airplane roll

response is

¢ _ (LW * Lshi) *S @ L
Po [( Ny @7 )+ J @ Wi J[-L v (wy + L S oL~ Lo JN - N% ” /

Thus, for /Vp’ and /V;, neglected, and L’d' &p and L;— é¢
r b

small, the roll response appears to be about the same for the T-33 with and

without automatic coordination when a lateral gust input is considered.

D. AUTOMATIC TURN COORDINATION BY THE USE OF RUDDER PROPORTIONAL
TO SIDESLIP, ITS DERIVATIVE, AND ITS INTEGRAL

Now, let us investigate a method of coordination which uses only sideslip
as the basic variable. The object is to provide a control of the rudder which
acts to reduce sideslip to zero regardless of its origin. Three separate rud-

der inputs are used:/3 , /j' , and the integral of/S . The rudder deflec-

tion may then be written:
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c’,‘.z—zéﬂ,@+7%éﬁf7@//.d({f/3dt} (106)

Integral control, -@//ﬁ y moveg the rudder so as to wipe out steady side-
slip; proportional control, ’é/g » tends to increase the stiffness to sideslip
50 as to return the sideslip quickly toward zero; and derivative control, "@/6 ’
compensates for the decrease of damping due to integral control.

Here, there exists the pos sibility of changing the dynamic characteristics
of the Dutch roll oscillation, but the approach will be to adjust the above three
gains so as to maintain the same frequency and damping as for the normal
airplane. Substitution of equation (106) into equations (97) and (98) yields

[(L,. -Ly #5)d- (Ll :@ﬁ)—l.}’_%dl’/ﬁ-&{;{-l.p—i;d'yp: Ly, 4,

(107)
U026 5 ) -1 Wi 1, 4 )
- Ny -;éajﬁd'/ﬁv»{-/v';-/v‘p'd'i/;o =Ny, 4% (108)

Note that the cubic coefficient of ﬂ in equation {108) now replaces the quad-
ratic of equation (98). If the effects of rolling velocity are neglected, an equa-
tion which determines the Dutch roll natural frequency and damping ratio is
obtained by setting this coefficient of ﬁ equal to zero. For the T-33, this
has been checked and found to be a very good approximation. Thus, in order
to maintain the same Dutch roll frequency and damping, it is necessary to

choose R 7@/3 , and ’éf/s such that the cubic is the product of a factor

H -7
representing a real and stable root, ( /+ /2: d ) » and the original quad-

ratic. Hence, make

(14 Y R )™ (NG N K5 - Yy oy )d (N + N g - % 2y )

- -7 - - ’ -/
“Nj %, d = - (d+Nid e NS )T+ = d7)( 1+ ORIV (109)
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The right-hand side of equation (109) may now be expanded, and coefficients
of equal powers of d may be equated, with the result that £ _ , ;@Jé , and
ﬁifﬂ may be determined for any given flight condition and desired time con-
stant, 7 , of the extra root. For the flight condition already investigated
in part C of this section, and for 7 = .05 seconds, the following rudder gains

have been determined:

o

-.959

o

-71.330 sec.

£ = ~18.20 sec”’!
S8

Now, using the above condition, let us investigate the lateral gust response as
well as the turn coordination of the T-33 with and without automatic rudder
positioning. Equation (104) gives the normal T-33 response, while equation
(110} shows that, with the addition of this type of rudder positioning, the nor-
mal response is multiplied by the factor on the right.

(5] NS {7+ "4 % D,
Z78,]  (d*N;d+N;) /N ,e/[/z' +af/ (110)

This factor is {/-f' 0./[4/% +0,05 c'/} for the condition investigated,

showing that the lateral gust response is changed.

Figure 10 shows analog computer solutions for the response of the T-33
to the same aileron deflection as employed in pért C of this section. Again the
A part gives the normal airplane response while the B part shows the results of

moving the rudder according to:

. t
g = -.9598-13304 - /8.20.[/;%7!'
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The peak sideslip is decreased to about one-sixth of the normal value with the
frequency of the oscillation in sideslip unchanged. It is significant that the
rudder deflections shown in Figures 9B and 10B are very similar. This is to
be expected since there is only one possible rudder motion to produce identi-
cally zero sideslip.

In conclusion, sideslip during a pilot induced turn may be considerably
reduced by the use of either the ''direct! approach (equation (85)) or the '"feed-
‘back' approach (equation (106)). The lateral gust response is not necessarily

improved by either method.

E. PROPORTIONAL BANK CONTROL

It is felt that the method suggested in the introduction, using bank angle
feedback to the ailerons for proportional bank control, is more direct than the
use of large values of C“gr . Hence, only the bank angle system is con-
sidered here.

The aileron deflection represented by equation (90}, when substituted into

equations (97) and (98) yields:

(Lrd-L )ﬁ+[d-(ip+ Ly #,)-(Ly+ly 2,)d Jp=L, 4 45 u

(% NGd )B4 [~ (N4 My

a

1@2 )'(N;;-f N,

=)

éjjd'y,o =Ny, £,d,; (112)

Using equations (111) and (112), we may now solve for the bank angle ¢ |,

in Laplace transform notation,

L{sf Ly (dZNid+ Ng)e Ny, (Ld-L75)
£L{d,} (dz_LpTd-L¢r)(d +/\//6-’d+/\//j}—//l/jord+/\/¢r)(/_rd-Lﬁ)

where

1

Loy = Lorly#,
L; * Ldé 1&3

L¢r
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Nf’r = N, +N{! £,
Ny, = Nyt Ny, 25

Since the right-hand terms of both numerator and denominator are negligible,

Lo/ t4 113
2ld}  (d* Lo d-Lgs) (113)

Hence, it is shown that the bank angle response to aileron deflection now
very closely approximates a second-order system of undamped natural fre-

quency &/, and damping ratio, g where:

;(,L¢T)?z = ('L}‘L@&J)yz (114)

Loy Lg
¢ - 271.¢T)/z/ /2/’ ) L,, Y (13

Furthermore, the steady-state bank angle resulting from a lateral stick

deflection, 025 , is

(=3 )

Hence, for a steady coordinated turn the turning rate is proportional to lateral

stick deflection.

Figure 1] shows a comparison of the normal T-33 and the T-33 with the
proportional bank control system included. For the flight condition of
M = 0,70 at an altitude of 10, 000 feet, the lateral stick displacement in both
cases, neglecting cable stretch in the aileron linkages, is 1.53 inches, A
steady roll rate of 35 deg/sec results for the normal airplane shown in Figure
11A. The T-33 with proportional bank control reaches a maximum roll rate

of 20 deg/sec and a maximum bank angle of 12 degrees., The aileron is de-
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flected according to:

o = 03334 - 2.59 d,s (117)

with the result that the undamped roll natural frequency is 4. 65 rad/sec. The
roll oscillation has a period of 1. 87 seconds and a damping ratio of 0.69. For
this condition no additional damping ( é’z ) was required to produce the opti-
mum damping of about 70% critical. The aileron deflection required and bank

and sideslip resulting are shown in Figure 11B.
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SECTION Vi
DETERMINATION OF DESIGN INFORMATION FOR

THE AUTOMATIC CONTROL SYSTEM
BY C.B. NOTESS AND H.S. RADT, JR.

This section includes a determination of control system design data,
3d; or
11y th i iti 1 f gain (e.g. ~ ¢ s
specifically the maximum positive values of gain (e. g /da: or /a‘;;_s Y

the maximum negative values of gain, and the maximum anticipated values of
the inputs (e.g., & , & , £ , etc.). These various gains appear in
the functional block diégrams, Figures 5, 6, and 7, as the values of K , & ,
H, a , b, and T .
In determining the design requirements, four jet fighter aircraft designed
for operation in the supersonic regime were chosen as airplanes which the T-33
should be able to simulate as well as is practicable. Stability and response
data on these four aircraft were used to determine the design requirements for
the T-33 automatic control system.
This section is divided into five parts as follows:
A. Design Information for Control of the Phugoid Motion by an Auxiliary
Surface
B. Design Requirements for Control of the Longitudinal Short Period
Motion
C. Design Requirements for Control of the Lateral Motion
D. Design Requirements for the Artificial Feel System
E. Design Requirements for the Special Control Systems

A. DESIGN INFORMATION FOR CONTROL OF THE PHUGOID MOTION BY AN
AUXILIARY SURFACE

The sections on phugoid control in References 2 and 3 show that an effective
and practical method of varying the period and damping of the phugoid oscillation
is by the use of an auxiliary surface. The theory of this method is also discuss-

ed in Section IV above. The angle of incidence of the auxiliary surface is varied
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proportional to the change of forward velocity from a reference condition, and
also to the rate of change of forward velocity, or to two analogous quantities,
Positioning the surface proportional to change of airspeed is equivalent to add-
ing an artificial component to the aerodynamic derivative MV , a8 appear-
ing in equations (56) through (59) of Section IV. A variation of this .parameter
hasg its principal effect in changing the period of the phugoid oscﬂlation, while
positioning the surface proportional to rate of change of airspeed adds an
artificial parameter, MV » which essentially allows variation of the phugoid

damping.
1. DESIGN OF THE AUXILIARY SURFACE

The minimum area of the auxiliary surface is determined on the
basis of providing sufficiently large pitching moments for maneuvers
in which the phugoid period and damping are considerably different
from the normal T-33 values. At the same time it is necessary to
make the surface small enough so that the positioning resolution has
a negligible effect on the phugoid motion. In addition, since the sur-
face acts as a canard surface, it must be small enough to avoid a
large decrease of static margin. According to these criteria, a sur-
face has been chosen which has the same aspect ratio but twice the
area of a similar control surface used on an F-94 airplane currently
being employed for variable stability research at Cornell Aeronautical
Laboratory. Reference 2 describes the geometric information and
considerations involved in the design of the auxiliary surface used on
the F-94 airplane. The F-94 surface was designed primarily to vary
the period and damping of the normal subsonic phugoid motion over
fairly wide ranges. In simulating other airplanes, the T-33 will, in
some cases, be called upon to reproduce variations due to Mach num-
ber which alter the character of the phugoid motion considerably, To
allow for such cases, it was thought that the T-33 surface should be
larger than that on the F-94. It was found that it could be made twice
as large without raising practical difficulties. As shown below, this

surface is effective enough to alter the phugoid motion very consider-
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ably. If any still more severe acsrodynamic effects should have tec be
simulated, they would probably best be handled by working the eleva-
tor directly, Table VII contains a list of proposed design data for the

auxiliary surface to be used on the T-33.

2. QUANTITIES TO BE USED AS INPUTS TO THE AUXIIIARY SURFACE
SERVO

Let us now consider the artificial part of the aerodynamic deriva-
tive, MV . There are several quantities, such as /4 g A% ,A%/ ,

or A(Z), any one of which might be chosen as the input to the auxili-
ary surface servo in providing artificial MV . Note here that the
" A ' symbol represents the difference between the actual quantity
and some reference condition at the start of a maneuver. It has been
found that the use of A?/g is the most logical choice for the follow-
ing reasons:
(a) Measurement of dynamic pressure is more direct than veloci-
ty measurement. |
(b) The maximum ratio of the change in dynamic pressure,Ag '
to the total dynamic pressure, ¢ , is not expected to vary
greatly with reference condition. In other words, large speed
changes are expected at high speed; small changes at low
speed,in response to control motions of normal magnitude.
For example, if a pilot pulls 1.1g and then holds the stick
fixed while the airplane slows down to a new trim speed, ¢
will decrease by 10% regardless of its initial value (apart from
Mach number effects). As a result of this, the guantity of
A?/q will provide reasonable signal levels over the range
of expected flight conditions,
(c) The range of gain variation required to allow large changes of
phugoid period are not excessive, regardless of flight test
condition.

(d) Considering variations of speed about some reference condi-
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tion, the use of the input A‘?/q will make the artificial,
non-dimensional derivative, C’"v y vary inversely as the
dynamic pressure.

Eiquation {56) may be written as follows:

L :
;o7 *(%40()’”9 Y
P=27r/- /

An approximate expression is obtained by using the defini-

tions given in Table I, neglecting thrust, drag, and Mach

number effects:
/ C,
Y ( oy ) Croo /’/z
C 7- &2
fo gP //T C"‘o‘ //Z'T (CL%@;) Cmy

Rearranging

I+ zi /CLO‘/Cma>CMDe /
VA RTNE
)

Now C”?y appears only in the second bracket, so this bracket

, (118)

LI B

Qe

is the factor by which the phugoid period is modified. Since
CLx/Cmq‘ will be relatively constant for subsonic flight,

C’”v should be proportional to C}_a to keep the factor con-
stant as flight conditions change. On this basis, it appears
desirable to have C”’v vary inversely as the dynamic pres-
sure,

For the case of the artificial derivative M , it is possible to
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Here, however, the choice is not as clear as for the case of artificial

MV . There does not seem to be any simple, "natural' way for

M‘; to vary with speed., Equation (59) shows that the required

Ml} depends on many parameters, including ones which are affected
by the artificial stability used to adjust the short-period motion. Even
if attention is confined to DV (which is the basic damping term without
artificial stability), the situation is not simple, because the variations
of both parasite drag and induced drag with speed are involved. Vari-

ation of drag coefficient with Mach number is a further complication.
The decision has been made to use d?%jf as an input because of the
relative simplicity of generating this signal.

3. SPECIFICATIONS FOR SERVO GAINS

Using the above design conditions and A?/Q and d%t

as servo inputs, values of the auxiliary surface servo gains have been
determined. Values of ddP J (A?/Q) will be variable from

-300 degrees to +300 degrees, with a minimum gain change of 1 degree,
A summary of phugoid periods obtainable at different T-33 flight test
conditions appears in Table VIII. Several conditions are shown to
demonstrate:

(a) a condition in which the surface is quite effective,

(b) a condition in which the surface is relatively ineffective, and

(c) a typical test condition.
In the first two cases the amount of artificial stability required for
short-period simulation has been chosen to be representative of
extreme values that are likely to be used at the flight conditions
chosen. Case (c), on the other hand, demonstrates the extreme flexi-
bility in phugoid period when no additional static stability is employed

{ A C”’a: = (). Conditions using the large positive gain of 300
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degrees show the ability of the servo to produce static instability of
the phugoid motion,

ddp/a /"'?/df) will be variable from -10 deg/Pi to

secC

+10 deg/gg—£ with a minimum gain change of £, 05 deg/g-g—-f: . Table IX

shows the resulting available changes in phugoid damping ratio at
similar test conditions to those in Table VIII.

In most cases, these phugoid periods and damping ratios are
more extreme than are required for simulation of the four airplanes
under consideration. However, there are certain flight regimes of
transonic and supersonic airplanes for which Mach number effects’
cause the phugoid oscillation to be transformed into two exponential
solutions, one of which is unstable. This condition is commonly known
as 'tuck-under'. Preliminary investigations indicate that simulation
of the more severe cases of this condition would require positioning of
the elevator with Mach number. It is felt that arrangement for the ad-
dition of this input to the elevator servo is best delayed until a definite
need has been established for adding this complication.

The maximum positive and negative values of the servo gains for
the auxiliary surface are listed in Table X along with the other gains

calculated in this section.
4, RESPONSE TO A FORWARD VELOCITY GUST

With the use of an auxiliary surface deflection proportional to
Q.' » a8 obtained by a dynamic pressure measuring system, it becomes
necessary to investigate the effects of a forward velocity gust on the
normal acceleration response of the T-33. If a rapid change of air-
speed occurs due to a forward velocity gust, then the signal proportion-

al to rate of change of dynamic pressure will have a large magnitude
for a short duration. This is then the command signal to the sur-

face servo, calling for a large deflection for a short time, which

in turn would produce a sudden pitching moment and a resulting
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normal acceleration of considerable magnitude. Since this result is
not similar to the response of a normal airplane to either a horizon-
tal or vertical gust, it is necessary to limit the maximum surface

rate of motion to avoid abrupt large deflections. Assuming a minimum
phugoid period of about 45 seconds with the surface traveling through
its full range of 30 degrees, the required maximum control rate is
about 2 degrees per second. This 2 deg/sec rate will be used as an
upper limit and has been checked, as follows, for the normal accelera-
tion response. Assume that the product of servo gain id;o /dé

and rate of change of dynamic pressure, ¢ due to the gust, is suffi-
ciently large to call for greater than 6 degrees of surface deflection.
Further assume that ?' due to the gust rnaintains its magnitude for 3
seconds and that the ground speed of the airplane does not change dur-
ing this time. A typical flight condition of the T-33 is at a Mach num-
ber of 0,65, and an altitude of 10,500 feet, with a center of gravity
location at 28. 3% of the mean aerodynamic chord. At this condition the
normal acceleration response, in g's, for the above gust may be repre-

sented by the expression:
Ny = 1v.0854[e %% (cos 2,72t -.303 5in2.72¢)+2.72¢-1]119)

which is the airplane response to a deflection of the auxiliary surface
starting from zero and increasing at a rate of 2 deg/sec. After 3
seconds the net change of normal acceleration will be close to . 4 g.-
This disturbance is considered to be safe since it builds up at a slow
enough rate to remain controllable by the pilot through the elevator.

The result of such an "artificial'" forward velocity gust response would
probably appear to the pilot as the response to a vertical gust and would,
therefore, not feel unusual. It is further considered that the above con-
dition is severe because the buildup of horizontal gust velocity usually
occurs within 200 to 300 feet so that, at a Mach number of 0,65, the
time during which q is large is less than .5 seconds, rather than the

suggested value of 3 seconds.
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5. RANGES OF VARIABLES USED AS INPUTS TO THE AUXILIARY
SURFACE SERVO

The dynamic pressure will assume values between 80 psf, or
approximately 150 knots indicated airspeed, and 800 psf. Allowance
will be made for a maximum speed change of 10% of the speed at any
reference flight condition. This accounts for dynamic pressure
changes of 20% of the reference, during a maneuver in which the phu-
goid oscillation is excited. Hence the allowed maximum value of the
auxiliary surface input, 4¢ /¢ , will be .20, This is to apply
to both high and low speed reference conditions so that a maximum
dynamic pressure change, A Zz of 144 psf results for 9o = 720 psf.
A maximum value of the rate of change of dynamic pressure, 9)' , at
+10 psf/sec is determined assuming a phugoid period of 60 seconds,
a reference dynamic pressure of 500 psf, and a relative speed change

of 10%. The above maxima are summarized as part of Table XIII.

B. DESIGN REQUIREMENTS FOR CONTROL OF THE LONGITUDINAL SHORT
PERIOD MOTION

This section includes the gains and maximum inputs needed in designing
the elevator control system. Artificial stability provided by the elevator con-
trol system can be used to vary the character of the short-period longitudinal
motion as discussed in Section IV. The stability derivatives considered in this
section are Cma: : Cmé‘
and minimum gains appear in Table X. Maximum values of input are tabulated

in Table XIII.

Ao /oa

1. Maximum Positive Gain

, Cmé , and (o 5 - Final values of maximum

This derivative was obtained from the following formula for sim-

ulating the coefficient Mo(_ in equation (7).
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dde _ iy 'E C‘L‘x_ C!_

ML i 2 (-AM

da [4 ¢ (-C',,,,d) s C‘x ( «)

ody Cey

N 1.7 . (-4AM, ) (120)

The coefficient 1.7 will be closely representative of all T-33 flight
conditions. C’*o / CLQL will be the same for the T-33 and the air-
plane simulated in order to simulate the short period transient motion,
AM, was obtained from equation (15), neglecting the term L, 4 Mg
and the term invelving 7, both of which are relatively small com-
pared to the maximum AM, |

A critical case of simulation occurs for one of the airplanes at a
supersonic Mach number at 35,000 feet. At this condition £ My will
be large. The short period frequency is 1. 54 cps and C,_O/Cia_ =.,021
rad. The T-33 flight condition is A7/ = 0.75 at 20,000 feet, which is
chosen to give the same C‘o / CLOL . From equation (15),
AMa = 85. 8 sec “2, Therefore,

ad,
(aa.e) = 17(.021)(85.8) = 3.06 ""’%@y

max

A large margin is desirable for this gain because of extreme conditions
arising when simulating certain cg locations, and to cover other per-
haps more extreme conditions that might arise in considering still

other airplanes. A final value of 5 deg/deg was chosen.
2. Maximum Negative Gain

A maximum negative value for @0; / da. was taken as that
necessary to make the static margin of the T-~33 zero at an extreme
flight condition (most forward cg and gear up with tip tanks on). The

value was dd'e/da: = ~. 90 and was conservatively taken as
e deg
E R "o A@f
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3. Range of Input

The maximum input is taken as @ = 10° which yields 90% of

C . (with flaps up). The maximum negative input is taken as
max
& = -8° to allow a margin for negative g maneuvers.

4. Cockpit Control Research

The range chosen above permits the static margin ( ~-ZC,, /@C, )
to be varied by +.733 or -.146. This is considered to provide an am-

ple range for the purposes of the cockpit control research program.
5. Additional Notes

The system uses a measurement of /7, /g instead of & direct-
ly. For actual design, the values above have to be converted on the fol-

lowing basis:

An, Clp
= o &
q w/S 4

In design it is conservative to use a maximum value of C; m/\-;—p"/
rather than the average value of . 00188 ftzllbndeg. The value chosen
was . 00217 ft2/1b-deg.

. 4 ,
- —-‘;{7—3‘- = . 00217 Aat (Ao in degrees)

The maximum range of /1z will be the airplane limits of -3g to
+7.33g. The range of ? is from 80 psf to 800 psf.

o4, /I
1. Maximum Positive Gain

This derivative was obtained from the following formula:
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i i, © C., c

—_— = _..L_g _.-_.-.f...o_ "'AM“‘)
da |4 g (-Cp,) rs; Cla (
dd, C, _
= /. C (-ANM: 121
oz~ " e (-4Ms) teh)

AMj can be obtained from equation (16) with the AM g term neglect-
ed. Neglecting AM ; will be conservative.

A critical case of simulation occurs at a supersonic Mach num-
ber for one of the airplanes at 35, 000 feet, C,_o /C(_a_ for both air-
planes equals . 021 rad. The T-33 flles at M = .75 and 15, 000 feet.

4
¢

.12 and @), = 9.7 rad/sec for the simulated airplane, and

.5 and &), =4.0 rad/sec for the T-33, A servo loop time lag of

T, = . 05 sec was chosen. This value is conservative. From equa-
tion (16)
AM; = _3,6 per sec, and from equation (121)
0d,/0d= .128 sec
The first two terms in equation (16) are ~ (bA - 57_33 J . Now,

from equation (30), O = L, ~ Me -My . Considering relative

orders of magnitude, Loc. is the major term. Now, when an attempt
4
is made to simulate C‘a /CL,,. since £, ;— = Cl-a,/clo , /-on.

will also be simulated to the extent that V' is simulated. For this
rTeason é]Mo;' and subsequently, ddé /dO:’- tend to be small. To
cover possible cases where La is pobrly simulated (perhaps due to
simulating a very high speed condition) a large margin was chosen.

As a final value:

ddé/d'a". = ,50 sec.
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Maximum Negative Gain

A maximum negative gain can be obtained by choosing a condition

with negligible servo time lag. This is conservative. An extreme con-

dition is simulating zero damping ratio with the T-33 flying at M =.3
at 15, 000 feet.
The equation for @cfe / da is
9% Ly € T Cup /C"“ o, g /(122)
ox 4 g v C, | <2 ¢, s L, 7 Dex

Substitution of the T-33 values yields

a’é 48// ) /7/// 54 2(164.2)
32,2/ 3.49 T 4.8/ (0207)

i 226;72)( 00923)/

ad,
= = -.J0sec.
do
To allow for a margin, a final value of dde/daz = -.4 sec was
chosen.

3. Range of Input

The maximum input was chosen on the basis of information pre-
sented in Reference 4. The value of & rax was taken to be
+35 deg/sec.

4. Cockpit Control Research

The range chosen above exceeds that given for the F-94 in

Reference 2, Hence, it should be ample for the purposes of cockpit

control research,
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5. Additional Notes
d # .
The system uses a measurement of —— -__i-'"_) instead of
at 9

o directly. For actual design, the values above have to be convert-

ed on the following basis:

74 /nz/ _ Cry &
At g T WS
As for item 5 under dd:e /dcx a conservative value was

chosen. Hence,

ad /rn S e
I7 éﬁ): 00217 & (& in dey/sec)

od, /36

Equation (16) indicates that 4 Mé can be used to decrease the
values of /| Ma'c required for simulation, .

Considering equation (16) the requirements for dcfe /28e
will be equivalent to those of ddé S o . For such values of

690"2 Yy 6 its effect upon AMa, in equation (15) will be small.

In addition to the above purpose aofe /679 will also be used
to simulate pitch dampers installed in the airplanes. The pitch damp-
ers installed in the aircraft considered, have average gains of under
0.5 deg/(deg/sec}. To simulate the effect of a pitch damper, Ma

due to the pitch damper must be simulated. By equating the formulae

P
for Mé , namely Mg = ACm /u. the following equation
o6 ly T
results,

od, (da@) (€iy)C  Chg,
26 196

5y iy G, Comy,

(123)
where ( ); indicates the simulated airplane. A maximum value for
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dd'e /07(9 occurs when simulating one of the supersonic air-
planes at a condition where CL/C:,_ = 2.60. The values of the coef-
7
ficients are
<l CL
e = 105 = = 2.60
ti,) .

n

1.05 Max. 0%) = . 26 deg /Y

sec

—= = 26(1.05)(2.60/)(1.05)

()

mdax

., 742 d’eg/;;”g

To allow a margin for covering future configurations choose
1 deg/(deg/sec) as the maximum gain necessary for the pitch damper.
Thus, the maximum positive gain for dd;_, /39 is 1 sec and the

maximum negative gain is -, 30 sec.

od, /38

1. Maximum Positive and Negative Gains

This derivative can be used to vary the effective inertia in pitch.
In so doing it will relieve the requirements on dd‘e /o and
070; /dcz . It appears that it would not be prudent to decrease
the moment of inertia by more than 50%, It can be shown that decreas-
ing the effective moment of inertia has a destabilizing effect on the real
root represented by the factor ( 7, &+ / # € ) in equation (35). De-

creasing the moment of inertia by 50% makes € more negative by
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0.5, which is quite an appreciable change. The case of artificially
increasing the moment of inertia appears to be of less interest. An
increase of 50% seems ample. The corresponding Jd, /28 is
derived as follows. In equation (2), the moment of inertia appears
;
only in the term —Ei DA 0 . If we make the elevator respond
/uf
to &€ , we shall in effect be adding a term CmD,€ D*4 8

) .
Thus, the coefficient of 048 becomesﬁ._‘_”. + C/77926) ’

C‘ Zﬂy ‘
d so addin is equivalent to changin g . If
an e Chmpeg a ging (= 2 )
4 I:y represents the desired change of inertia, we need
- Al
7.2 = -
boe ZpL
Now
/  oC, dd.
Crp o =

029~ 1?2 Jdd, J2&

Therefore, we require

0dp __Aly _x !
08 2u, my,
G T Ay
Setting At'y =1 05 L.y
i{e_ = _(:E ...i _(:__ff_
g y
7 S g C’"a}_,

To have a good margin for the gain &0; /’dé’ R l:y was taken at its
!

maximum value of 4, 81. C/_ was taken as . 613. An average
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value of -. 85/rad was used for C T =6,72 feet.

g

Substituting
9%,
o8
This is rounded off to a design value of

da;/l .
["é“.g—.- ...‘!’0.7 sec

max

2.,0905 sec?

2. Maximum Value of .9

The maximum value of & was obtained from Reference 4. A
maximum operational value of 2 rad/sec? is indicated. To be con-

servative the value chosen was

6 = 2.5 rad /566‘ 2

manr

C. DESIGN REQUIREMENTS FOR CONTROL OF THE LATERAL MOTION

The determination of maximum and minimum values for the artificial
stability derivatives to be provided by the rudder and aileron servos can be
handled by dividing them into two groups. The first group consists of the
ordinary static and damping derivatives. The second group consists of
derivatives due to angular accelerations and rate of change of sideslip angle.
Table X summarizes the design ranges of gain chosen for the various artifi-
cial stability channels, and Table XIII shows maximum anticipated values of

the input variables.

ad,. dd4, JIJ. JId, JId,. ad;
l'df',ﬁf',dﬁo)dﬁo)dﬁ andg‘“ﬁ“

A conservative solution was undertaken in order to avoid the
necessity of choosirg many specific flight conditions for several air-

planes to locate exactly the critical conditions. Some arbitrary mar-
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gins are required in any case to allow for the possible characteristics
of future airplane designs.

Simulation of the lateral motion is to be obtained by simulating
the coefficients of equations (64) and {(65). These coefficients are de-
fined in Table IV. The values of the T-33 stability derivatives re-
quired for simulation can be obtained by equating the coefficients de-
fined in Table IV for the T-33 to the coefficients of the simulated air-
plane, and solving for the T-33 derivatives.

The formulae for calculating the values of the T -33 stability de-

rivatives are given below,

4
Cop = S ?[Ac”f; r 8, |
7

7

O
X
B
i
,\‘\
)
M
]
Ny

3
X
n
M
3

) +
o>
AR

\l

C, b
c, = ‘ /
" K’ C, bz ACH ? i SC‘? 7 /
C b
C, =K /cc oc /
% 1 C, b, 45,7 s (124)
( )1 Simulated airplane values
( ) T-33 values (normal plus artificial)
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Kf ‘X}’

A

tx, l?r

R L XL L C o= XL xR

L}_: tg, zx.', [x, {x l;,
PR L p - fuls L

Le, L3 tx, tx, !z, 7
A, varies so little from unity that its effect is negligible
b/b’ reaches a maximum of 1. 72 for one of the airplanes under

consideration

Co .

and

Ly

upon examining tabulated airplane data for the four
4
are extreme at similar flight conditions.
and C,
choosing the optimum flight condition, the maximum

7 ratio can be kept under 1.8 and the -
under 2. 75.

airplanes, it appears that the ratio and C, ratio
By trying to

simulate 7T ratios as closely as possible by

ratio,

Considering the four airplanes, Table XI, giving maximum posi-

tive and negative values of the stability derivatives and inertia coef-

ficients, was compiled. Since these values are not all for one air-

plane at one flight condition they contribute to conservatism,

A solution was made for the case of full tip tanks,

solution was found to be too conservative.

For this reason a solution

was made for a less conservative, more practical condition of empty

tip tanks with full internal fuel.

ditions, the tip tanks must be empty.

In order to simulate some flight con-

conditions, some tip tank fuel may be allowable.
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The maximum values of the artificial derivatives were obtained
from equation (124). These were converted to gain ratios by equations

of the form

ad, / b
r . AC il
i e (125)
df’
ad, /
= AC, (126)
d/é A Cnaﬂr

The minimum values of control effectiveness are:

Cﬂ‘fr = -.072/rad

C’edd =z -, /4/?“dd (tip tanks on)
The maximum value of -b/2 V was taken to be .0356, which implies
that V/ will be greater than 310 knots true speed. This is expected to
be the case for most of the contemplated flight testing. Tests can be
made, of course, at lower values of 4 , with somewhat reduced
ranges of artificial stability available.

With the above information, maximum and minimum values of
gain were computed. Average typical values of the T-33 normal
stability derivatives were used in obtaining the incremental values
of each artificially varied stability derivative. The results are tabu-

lated on the following page.
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RANGE OF VALUES

od,. /or 1.30 to -. 46 sec
ad, / ar .80 to .19 sec
2d,. /dp .65 to -. 80 sec
od, /0 p .55 to -.22 sec
d,. /33 -39.0 to 9.1 deg/deg
dd, /38 -20.4 to -5.6 deg/deg

The yaw rate and roll rate derivatives tabulated above are rea-
sonable but the sideslip derivatives seem too large to be practical.
This is a result of the conservatism imposed by not using consistent
data from one airplane at one flight condition. Accordingly the side-
slip derivatives were re-examined on the basis of considering various
consistent conditions for individual airplanes. On this basis, it was
possible to reduce the required gains so that the maximums are no
greater than 10 deg/deg. It is thought that it would be difficult in
practice to use gains higher than this, because of the possibility of
excessive response to gusts in rough air and the possibility of undue
amplification of noise. The reduced ranges for the sideslip derivatives

are

dcfr/.’]ﬂ -10 to 49 deg/deg

ad, /3,8 +10 to -6 deg/deg

A check on the practicality of the above results was obtained by a
comparison with minimum values necessary to change the T-33
response by about 10%. In Reference 5 the changes in Dutch roll
period and damping were calculated for corresponding changes in the
stability derivatives for the ¥-80 airplane at M =, 3, A = 15, 000

feet. The results appear on the following page.
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EFFECT ON DUTCH ROLL OF CHANGES IN F-80 STABILITY DERIVATIVES

{FROM REFERENCE 5)

STABILITY VAR 14T 1ON NORMAL F-80 VALUE RESULTING VAR AT ION
DER [VATIVE °2 NO TIP TANKS OF THE DUTCH ROLL, %
P Tij2
Cn,. 5 -.0989 0 A"
Ct’,. 25 . 1308 0 5.0
A 25 -.0337 1.0 6.0
"o
C 15 - 464 0.5 9.5
Ly
c i5 .0960 7.5 2.3
"8
C 15 -.0572 0.8 3.5
ts

For the purposes of this approximate check, it was assumed that for
the T-33 airplane at the same flight condition, the same percent
variations in aerodynamic derivatives would produce the same per-
cent variation of the Dutch roll period and damping. Next the per-
cent variations were derived which would change either P or T% by
10%. From these percent variations of aerodynamic derivatives,

corresponding gains were calculated, using the following data:

V =316 ft/sec, C”d‘ = -0.072 per radian, C"a‘ = -0. 14 per
r a
radian.

The results are shown in the following table.
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APPROX IMATE GAINS REQUIRED TO CHANGE THE T-33 DUTCH ROLL RESPONSE
BY 104 AT M =0.3 AND A = 15,000 FT.

DER (VAT IVE T-33 VALUES % VARIATION CAUSING | GAIN VALUES
TIP TANKS ON 10% RESPONSE CHANGE

C, -, 15 IS é’d‘r/ar = 10.0185 SEC

r
Cgf_ .18 50 60’;,/6’/': £0.038 SEC
Chn -.03 4o 0y /Op = £ 0.0089 SEC

e r/ <P

-.56 I5 ad /a = +0.0355 SEC

Ce, a/9p
C, .075 20 ad’f/c?/é‘ =t 0.208 DEG/DEG

5
Cé,@ - 145 | 40 80;/0"/5: + 0.415 DEG/DEG

The gain values thus derived are considered to be the minimum values
which will produce an appreciable change in the Dutch roll mode. We
now compare these minimums with the total ranges of gain that were
previously determined. Taking 30;./6??‘ as an example, the range
is from 1. 30 to -0.46 sec for a total variation of 1.76. Dividing by
the minimum of 0. 0185, we find a ratio of 95, The minimum ratio is
26 for ddc‘z /077' and the maximum ratio is 144 for ddr /j/.?

These ratios are large enough to make it clear that the available
ranges of gain will produce very substantial alterations in the stability
of the T-33. On the other hand, the maximum is not so large that dif-
ficulty with resolution would be expected in making small changes in
the settings. While this analysis has been made for only one flight
condition, it is felt that it gives a useful general check as to reason-
able orders of magnitude for the ranges of the various gains.

One more consideration must be made before the final ranges of
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gain for Jdd,. JSor and Jd; /dp are decided. The yaw
and roll dampers in the aircraft considered must be simulated.

The yaw and roll dampers ingtalled in the aircraft considered
have average gains of 1 deg/(deg/sec) with 1.5 deg/(deg/sec) the
maximum. The action of the damper is limited to a few degrees of
control surface deflection. Using a similar approach to that used in
deriving formulae (124) and {125), the formulae for Orr,/f' and

0& //t? can be derived.

Starting with the equality /Vd-r 0’;, = A/d-r_ J;.
7 7

the following formula is obtained, Terms with subscript 7 refer to the

and # = r,

simulated airplane.

{x
. C,, + 2 C
dd". Kf ts_ Cl b ”Jf" [xt éd"" dd-,-, (127)
) ' ' or
Ir K i C 8 c . iz c, y
"‘fr { I
x
The product of 1'13‘ / llx and the cross control effectiveness,
Cea’ » is small compared to the control effectivenegs term and
r
can be neglected. (In the corresponding equation for d //0 , the
product of x5 / Ly and C”d’d is similarly neglected.)
Also, K, /K is nearly unity,
The result is
ad, i, Cb Chd,., dd.,.,
ir T, C 6T 7 (128
r l}’ L, ”JI‘ f'"
dd, ix C,b / Ceqy ) O, 129
dp iy C b G dp,

Conservative values of the coefficients based on information from one
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of the four airplanes are as follows:

{,/1}, = 0.3/ (T-33 with empty tip tanks)
i/ ix, = 1.68
b/b, = 1.72
C./C = 2.75
C"’d;;/c;g’_: 2.39
Gy [Cu,7 092

Using an average value of damper gain of 1 deg/(deg/sec) for an air-

plane to be simulated, we obtain

dd, _ de
(57 L 3.5 deg /S__Zec
2% ) . 25 deg e
O/ par sec

These values of gain are larger than those required for simula-
tion of the basic airplanes without dampers. This is reasonable, how-
ever, because the Dutch roll motions of the airplanes without dampers
are in general lightly damped. It is felt that the T-33 control system
should be capable of making the lateral motions well-damped.

The final values of the six gains discussed in this section appear
in Table X,

0, 0dy 0. 04 94, o,
. - - - [l Il 3
ar ’or op P ap s ® 25
There are six lateral derivatives based upon angular accelera-

tions and rate of change of sideslip which can be handled together,

WADC TR 55-156 , Part 1 92



el C » C ) C ’ C ’ C d
namely lor le “0r nDp l6,0,8 » an

C . These derivatives can be used to vary the effective inertias

00/3
and to compensate for time lags.

Equation {76) is representative of the method used for time lag
compensation. It gives the amount of artificial control, da&/djg’ .
necessary to overcome the effect of time lag upon the response of the
aileron, 0& , to sideslip angle,/3 . It is assumed that the control
system dynamics can be represented by a second-order system of
damping ratio f » and undamped natural frequency (J, . As explain-
ed in Section IV, dcgi/c}/é is chosen to compensate for a time
lag of 2 g/@n seconds. A damping ratio of g =0.7 and a
natural frequency of @, = 707r rad/sec are assumed. The various
channels of the actual control system are expected to have less lag than
these values represent. Hence, 2 /“’)n = . 045 sec and equation

{76) becomes:

0% g5 0%

46 %

Thus the required range of d”;A;/é is determined from the de-
sign range of a’a&/d/a . This method is applicable, of course,
to the other five derivatives being considered here.

This method was used to derive the values of dd&.ﬁ/g
given in Table X. It was used also to determine the positive design
value of +0. 41 for dd‘f/a/é . The other value for daﬁ'/d/é
was determined on the basis that this derivative provides Dutch roll
damping in somewhat the same way as the derivative ad"‘/a/‘ .
The possibility of using it as an alternate source of damping led to the
choice of the same maximum value as determined for dd‘r/a,. .
For the other four derivatives, the requirements for time lag com-
pensation are less critical than the requirements for "artificial iner-
tia, ' which are explained next.

It is desirable also to allow for the possibility of varying the
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effective inertia. This can be done to decrease the gains necessary
to simulate the static and damping derivatives. The case of full

internal fuel and empty tip tanks is used. The inertia coefficients are

.

l.x =,101 and .’;} = .244. The artificial inertia in roll is represent-
ed by
c, c
- g
0 5y
ad.
= C, A =
2T /B
2V
dd; c ! Tb
—_— = ! —_—
op op C;d;l v
/ bC
C L
‘op Ce, 49
a

Thus for the T-33

— = C . C, 130
op op Ce, <97, (39
=X
Likewise
ao, /
a7 = S, m— -297C,  aay
, - ng,

The coefficient C\”op is directly equivalent to an increment

in ('x . That is, in order to vary the inertia by 50%, Cgop should

equal ':x/g . The maximum variation in the moment of inertia was

taken as +50%. As in the pitch case, this is considered a maximum
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practical amount. The maximum value of C'L was taken to be . 613
which corresponds to about 160 knots EAS. At lower speeds, the
available variation of effective moment of inertia will be reduced from

+50%. The final results are given below,

(%)
éﬁ max
d{j
or

max

. 0644 sec?®

. 302 sec*®

These values are larger than those based on time lag compensation
and so they appear in Table X,
To alter the effective product of inertia, we provide artificial
QD»- and C"Dp . We have the following relations, derived as be-

fore
od, /
7 Cop T 291G
9
99 . ¢, L .zorc
6P DP nd-
*

It is believed that an adequate range of products of inertia will be
available if the direction of the principal axes can in effect be tipped
+20°, This requires J !.',_,3 = %0.060. To achieve this result, we

require Ciﬂr o C”Dr =+0,060. Again using CL = 0.613, we

find
i{‘i =t 0,076 sec?
ar
d_o.",.z + 0.749 sec”
ap
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3. CONVERSION OF ”y/g MEASUREMENT TO SIDESLIP

The sideslip measurement will be obtained by dividing the lateral

accelerometer reading ( ny ) by ‘7 . If C,

9, is neglected, we have

An average value for the derivative C is -.63/rad. For a weight

I8
of 12,500 1b with S =234,8 sq ft,

an,

ﬁ = - 4850

The above equation is based on /3 in degrees. A ny, 1is a non-
dimensional load factor, and ¢ 1is in psf. An investigation will be
made in the detailed design phase of the program to determine whether

special measures should be taken to correct for the effect of C—"d
~

The gains listed in Table X can be converted to represent
An!’/q inputs by use of the above formula. The gains in Table X
should be multiplied by -4850 and the input changed to ”9/7 or

203

D. DESIGN REQUIREMENTS FOR THE ARTIFICIAL FEEL SYSTEM

The design of the artificial feel installation is to be such that simulation of
the feel systems of the four typical airplanes considered in this program will be
possible and such that existing and future ideas on desirable feel characteristics
may be investigated.

In order to design the artificial feel control system outlined in Figures 5 to
7, the maximum and minimum values of gain for the various computer inputs

must be determined along with maximum values of the variables. These data
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will be derived below., Table XIV gives maximum values of the variables.
The gains are tabulated in Table XII.

1. ELEVATOR FEEL SYSTEM

I
7
0
The first feel coefficient or gain to be considered is the spring
9 fes .
constant ——— in lbs per inch. It is desirable to be able to vary
£5

the spring constant over a wide range, extending up to gradients which
would make the stick seem essentially fixed. Calculations on the
rigidity of the T-33 stick show that a force of 100 lbs at the hand grip
with the bottom held rigidly fixed will bend the stick . 2 in. at the
hand grip. A deflection of less than one inch for a 100 1b stick force
would make the stick appear quite rigid to a pilot; hence a value of

250 1bs/inch spring constant was chosen as the maximum value., This
will give a total deflection of .6 inches for a 100 1b force. In addition
the system is designed so that the stick can be rigidly locked, with a
stick force measurement used as the signal to the elevator,

The minimum gain was derived by choosing a value of spring con-
stant below the lowest constant of the four airplanes. A reasonable
value was found to be 0.8 lb/in. This amounts to about 7 1lb at full
aft stick deflection,

Current design specifications for elevator stick force specify

ft-'smm = 200 lb. This is taken as the design maximum value for the

T-33 control system, Considering the four airplanes investigated, an

inclusive range for 0{55 is 5 in. stick forward and 9 in. stick back.
_ 9fs
2z T 5lyd;,)
Another spring constant to be simulated is the aerodynamic

spring constant
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The design range of dynamic pressure is taken to be 80-800 psf, A
minimum stick force gradient of 0.8 lb/inch is assumed at g = 200
9 /es
G(gdes)
still lower gradients at ¢ less than 200 psf. At the maximum g ,-it

psf. This gives = 0.004 ftz/in. This setting would give

would give 3.2 lb/inch, which is very light for such a high speed con-

dition. A maximum stick force gradient of 250 1bs/inch is assumed at

0 /s
(g 5]
ly rigid stick is available at this g and higher. At g = 80 psf, a maxi-

q = 500 psf. This gives = 0.5 ft%/in. Thus, an essential-

mum of 40 lb/inch is available, which is very heavy for low speed

0.5
flight. The ratio of maximum to minimum gains is 5 gz = 125, which

is considered a practical value.

The sketch below illustrates the extreme gains

250 |— '| ~|-
l
| } |
oF, |
255 fbfin |
ad, " | i |
I I ; 1€ e
1 l 004 " _~in
L8 -
z . | !
80 200 500 800

WADC TR 55-156, Part 1 98



I fes

d, = ——r=

This gain represents viscous damping. The largest value of vis-

cous damping for the four airplanes considered is 3 —1-}_—31—:33-9 . This

value was doubled to yield a maximum design value of 6-1?:—“—3-93 . The

minimum gain was defined as an imperceptible force at a large stick

rate. A force of 0.5 1b at 10 in/sec was chosen giving a minimum gain

of ,05 —ibz8ec

According to Air Force specifications, 3 to 8 _l_lg_s_ is the permissi-
ble range of stick force per g for fighters: A maximum design value of
25 lbs/g is chosen to provide an adequate margin to cover the require-
ments of various investigations of control systems., A value of 0.5
lbs/g is chosen as the minimum value that would be significant. There

is no requirement for negative gradients.

a, » Trimming Force {(No Speed Feel) |

This force is needed to balance out forces such as those due to
spring constants, in order to vary the neutral (zero stick force) stick
position. The neutral stick position is to be variable over half of the
total range of +5 in. to -9 in. This leaves the remaining half for
maneuvering. The largest spring constant used among the four air-
planes is 101b/in. This value was doubled to give a maximum design
value of 20 1b/in. This spi:ing constant coupled with +2.5 in, to -4.5
in. of stick deflection yields forces to be trimmed of 50 1b push and
90 1b pull.

It is true that spring constants larger than 20 1b/in will be available.
Such cases generally imply working with a reduced range of stick travel,

and so a reduced range of trim in inches of stick travel is acceptable
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with high spring constants. The range in terms of stick force is con-
sidered ample, With high spring constants, the position of the stick
in the cockpit can also be adjusted by altering the linkage between the
stick and the stick position transducer.

A total range of 140 1b of trim force is believed reasonable and is
not expected to give any difficulty with resolution in trimming small

forces.

d, , Trimming Force (With Speed Feel)

This force is similar to the trimming force with no speed feel,
except that its effect varies with ¢ . It represents the effect of a
trim tab. A minimum value of & times trimming voltage would be
a barely perceptible force to be balanced out at a high g ; say 1 1b.
at 800 psf. This gives a minimum value of . 00125 ft2,

A maximum value of 4, times trimming voltage would occur at
low g equal to 80 psf. Ata low g » the stick force gradients will not
be maximum. Allowance is to be made at g = 80 psf for trimming out
forces ranging from a 351b pull to a 15 1b push, for a total range of
50 1b. This gives a range of &, times trimming voltage of 0.625 ft2,

The variation from the minimum increment of 0, 00125 ft2 to the

2

maximum range of 0,625 {t“ is thought to be about as broad as is

practical without running a risk of difficulties with resolution.

K

a8 ! Elevator to Trim
This is the elevator deflection commanded by a pilot's trim voltage
setting. For this quantity all that need be specified is the range of

de desired. The design values are taken as up 15* and down 5°.

0de
0

This gain is the stick to elevator gearing. For a very high spring

9 fes
O s

tor deflection available for maneuvers. On this basis a maximum value

constant = 250 1b/in) it is desirable to have some eleva-
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of 20 deg/in was chosen. The minimum gain should provide some
maneuverability, say at least two degrees of elevator for a full stick
deflection of 9 inches. Hence a minimum value of . 2 deg/in was
chosen. This range varies from about one-tenth normal to about ten

times normal.
0

ola,d..)
_;h“ , ad. ]
s vain is act 9
18 gain 1s actua Yy & ratio ddtl.s 0@5

Os

The design range for this gain is found by assuming a normal value of

2 deg/ in. for the elevator-stick gearin @d;/ i) and combinin
g . 4 g Odes g

- - : 9fes

it with the range of design values for a, / AJES ) .

This procedure is justified on the basis that it is unrealistic to com-
bine extremes of both the gearing ratio and the stick-force gradient.
Minimum gearing with maximum force gradient would make the eleva-
tor essentially immovable, while maximum gearing with minimum
force gradient would give an extremely sensitive control. The results
obtained from the procedure adopted are considered reasonable. They

are as follows.

od, deg
_ = -2 D ——
0@, 5]/ pax . ult
a4, deg
= =008 -———
(@, 9¢s) iy ° o pult
_9%
a(dz st) dde /
This gain is actually a ratio &d;—; afs%(qd}_,)
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By similar reasoning as for the preceding gain calculations, extremes

of dFES/&’(gd;-s) are used to obtain;

dde de
- 500 9 f¢?
d(dz fs) max /

I
|

deg/ 2
f
/d(d.z dyps) min t

2. AILERON AND RUDDER FEEL SYSTEMS

Aileron Trimming

An aileron deflection is commanded by a pilot's trim voltage set-
ting. For this ratio all that need be specified is the maximum J
g P a

desired. The value chosen for design is half the maximum deflection;

(0o )y = (o, * &) = 2 20°.

s Y g

This spring constant should be similar to that for the elevator.
According to Air Force specifications, 100 1b is a maximum stick
force for aileron deflection. A total deflection of .6 in for 100 1b
provides an essentially rigid stick, so that assuming the stick itself
deflects . 2 in. for 100 1b of load, .4 in, /100 lb remains for a maxi-
mum spring constant of 250 1b/in,

A minimum value of .5 lb/in.was chosen, This is somewhat be-
low the elevator value because light gradients are thought to be more

useable in the case of the ailerons.

°%/bq,,

This is the stick to aileron gearing. For the case of a large spring
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constant of 100 1lb/in., there is to be available 40°® deflection for 1 in.

of stick deflection, with this nearly rigid stick condition. Hence

/dag‘/ ) = 40 deg/in. The minimum gain should provide some
As/max

maneuverability, say at least two degrees of each aileron, for a full

. . : % )
stick deflection of seven inches. Hence / /ofds et > 4/7 = .57
deg/in.

‘M/d(b, Gys)

Thisg ratio is actually a ratio ( /dags )(d&‘s/dd. )

A good average value to use for ac”/daf‘,.s is 40/7 = 5.7%%3—
Extremes of da‘;/d(b d, ) can be obtained from 5.7 divided by
145

extremes of df‘-"/c?d'
A8

The results are 11,4 deg/lb to ., 023 deg/lb.
It is reasonable to use an average value of dagt/g?d;s in the

above evaluation for the same reason that such a value could be used

in the 10ngitudiné,l case., (See 9% /d(d, d';.,) ).

dd;
/34,
This rat1o may be approximately determined in terms of Lx/l .
C;'d}- . C;’d; , and C}Jr for the T-33 and the airplane to be
simulated. J,. represents a rudder command signal, or

{dd/adﬁp) OPA?P .

/(Zz')(cedr) lx;/ //__ G’d
dd;i ; -2: C”d’ au'planue to be .
o0, -

C [ =),
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By chooging maximum and minimum values of the preceding ratios
for four of the airplanes to be simulated and for the T-33, one may
estimate that the range of d/dd' falls between ~1.2 deg/deg
and +.4 deg/deg.

Rudder Trim

This is a2 rudder deflection commanded by a pilot's trim voltage
setting, For this ratio all that need be specified is the maximum
d,. desired. The value chosen for design is half the maximum

deflection; d,. = 1t 15°,
TRiM

. dF,
€ e %’a:ep

The maximum spring constant is one which would make the rudder
pedals seem essentially rigid. 300 lb/in.is estimated to be sufficient
for this purpose. A minimum spring constant is taken to be 5 1b pedal
force for a full deflection of 3.75 in. or about 1,5 lb/in. This is light

enough to represent almost no feel.

oF,
C‘a = BP/O" ( 7 d.pp)

The reasoning behind this gain factor is the same as that for the
factor d{;/d(g JESJ . The maximum gain was taken as 300 1b/in,

pedal spring constant at a g =500 psfor0.6 ftzlin. The minimum
gain was obtained from 1.5 1b/in,spring constant at a ¢ =200 psf
or .0075 ft%/in.

dfg-p/ a’ﬂ

This gain factor represents a C'/, effect, with Ny used as a
measure of /67 It will be of mterest only where the pilot feels

the aerodynamic hinge moment. For the T-33 using the values
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6;’/5':?2 C”d‘,, = -, 287/rad, C‘!a = -.65/rad, % = 54, a gear-

ing ratio of 1.5 and using the relationship

0f, _ W/S 1 9F,

on, ~ Cuy 9 98
. Y5 15)5,¢.0,
The result is %5
9/ e = 200 (b.
dn,

This value is considered representative of that for other airplanes
with aerodynamic hinge moment feel. To allow an appreciable margin
over this representative value, a design value of 400 1b is chosen. A

value of 10 1b is chosen as a minimum significant value,

ddr/o’af,ep

This is the pedal to rudder gearing. When using a large spring

constant a maximum d‘,. of 30® should be available with a minimum

, . a4, .
practical Gfep of £ inch, Hence ( %dép)max = 60 deg/in.

The minimum gain should provide at least four degrees of rudder for

full pedal deflection, Hence (997/) For ),m,” =% = 1.0 deg/in.

a4,
7/O(C, )
7
. dd, Jdd, G 7
The gain %(C} GQP) is actually %JRP d&P/deRP .- A
good average value to use for ad;‘/dd:gp is 7 deg/in. Extremes
7
| S 1
of are z==in./lb to 3= in./1b Hence
dep/da,” 300 1.5
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(dd‘/d(cr d/ep) max 7.67 de%b

(ddf%afcr JRP}}min =.023 de%b

By similar reasoning as for the elevator,use of an average

dd"/da',ep = 7 deg/in is reasonable.

od,
/d(Cz &)
7
This gain is actually O)J%Jgp df‘e"/d@d,}p)' An average value
7
of 7 deg/in was used for I . Extremes of Jf
. . /0"0':9,0 Rp/a(fd;?f’)
2 i 2
are —po=s in/ft to.Td-m/ft .

Therefore

(P 5(C, G0 ) e = 933 €% Fr 2
[ddya(cz d:ep))m/n .7 de%t *

By similar reasoning as for the elevator, use of an average
dd"/dd"ep = 7 deg/in is reasonable.

dd%dogc

The ratio of rudder deflection to aileron command signal O‘Czc‘ or

(%)

as 18 found from the approximate expression

"

.
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96, MG ool 2.
- /( “)( <)

Choice of maximum and minimum value of the ratios involved for

four of the airplanes to be simulated and for the T-33 yields a range
ad,
for Vdddc from -1.50 deg/deg to +1.50 deg/deg.

E. DESIGN REQUIREMENTS FOR SPECIAL CONTROL SYSTEMS
(The following requirements are summarized as part of Table XIL )

1, ELEVATOR ANGLE REQUIRED TO MAINTAIN ALTITUDE IN A TURN

As explained in Section V, the elevator angle to be used in a turn at
bank angle, @ , is

d;__K//-cosaﬁ- Si/ aC,, 7

wher K =
g cos @ here oc, C

The term in the brackets will be generated by a special computer and
is discussed in Part 3 of the computing functions division of Section VIL.
The constant, K , will be variable as a separate gain control. Allowance
is made for variations of gross weight from 9900 to 15, 300 1b, static
margin from 2.5 to 8. 0% and variation of the elevator effectiveness from
_.8to -.9 rad.-1 A is an additional factor to make d, approximate,
closely, equation (88). It varies between 1.0 and 1.5. Hence /(must be
available from -60 to -400 deg-psf.

Allowance will be made for bank angles up to a magnitude of 75°,
and elevator deflections from this source to -20®. The design range

of ¢ is 80 to 800 psi.
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2, PROPORTIONAL BANK CONTROL

It has been decided to allow variations of a@, ’ 752 and r@:,.
of equation (90) by manual setting but not by automatic programming.
The range of fé’z (artificial C'{; ) has already been covered in
©
part G of this section and is sufficient to allow large damping ratio
variations at all necessary flight conditions, The range of ;@,

(aileron-stick gearing) is also considered in part C of this section,

) 2,

3 s+ OT » must be available up to a value of 2 degrees per

7%
degree in order to allow an undamped natural frequency, '/2 T :
as high as 1.0 cps at an indicated airspeed of 230 knots., Maximum
bank angles of £75° are considered to be sufficient for flight investiga-

tion of this system.
3. COORDINATION USING SIDESLIP DERIVATIVES

The gains %4 and A4 will not be programmed with flight condi-
tion but will be adjustable by manual setting., The maximum values
required for these two gains are determined'according to the needs of
simulation as covered in part C of this section. These gains are
checked here for their application to turn coordination. At an indicated
airspeed of 250 knots and for the maximum gains 7@/3 = -10,

1&,8‘ = =3.5 sec, and for 1@/,6 = 0,the bracketed coefficient of S in
equation (108} is equivalent to a second-order system with an undamped
natural frequency of 1.5 ¢ps and a damping ratio of 1.60. 'This is suf-
ficlent to considerably reduce the sideslip occurring during transient
turning.

The amount of sideslip in a steady turn for the normal T-33 may be
determined from equation {98) and is given here for

G=dB=-dB =dp «pp -0 and Ny = 0

_ﬁsg = _2_//3’5_ ¢ss

A
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Now, to determine the order of magnitude of 4. , neglect the
minor terms which contribute to /Vﬁ/ s /V/a , and /V,. . Then,

1 /bg )/ Cn,
Pss & ‘z“/ 2. =) s
o g

For the T-33 flying at a true airspeed as low as 316 fps, a steady

sideslip angle of 1° results from a bank angle of 75*. This is obvious~
ly so small that sideslip in a steady turn may be neglected at all flight
conditions of the T-33. Thus, the use of integral control, 7&//3 , to
wipe out steady sideslip is unnecessary for automatic coordination of
the T-33.

4. COORDINATION USING BANK ANGLE, ROLL RATE AND AILERON
DEFLECTION

Rudder proportional to bank angle is also unnecessary because of
the negligible magnitude of sideslip during a steady turn. 7@& and
7@},, will be programmed with ”ﬁ/g to account for the effects of
lift coefficient. The manner of programming ’éd is determined from

the equation

’ Nd'
A/d;'&d-#Nd;:O or ;@d:- A/’
d"'

Substitution for N‘;r and Nda yields approximately

;
P C”d& ” ZEZ (Cfcrd)

(=]
Ch,
r

iR
1

Cry and ( ‘“3 /;. ) vary with both lift coefficient and Mach
number while Qa’ and G vary principally with Mach number.
£

nd’h

The Mach number variations, however, amount to only a small scatter
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of ’éd at any one lift coefficient, over the range of flight conditions
of the T-33. It is felt that programming of :@d with Mach number is
not worth the added complications involved. An average Mach number
of 0.65 is chosen to determine the effects of lift coefficient. The fol-
lowing approximate linear expressions, for the T-33 with empty tip
tanks, may be obtained from the data in the appendix of this report.

C, =-.0015+.0145C,

n
%

{ I 7
Lxg | xe :_/r.- —Ii/tan2(cx-6)§_0354-.087.5CL
7, “zl'7f

C’{a& = -.166
C”‘f;-g -.082
Hence: ﬁda‘.09-.542C}_

Now by substituting

- =/5W//l4if}/;:ﬁ»/ 097 ?:ff)

one obtains

&, = .09—./27/”f }
Cpsi

Hence programming of the rudder deflection with aileron deflection
and lift coefficient will take the form

77
d;. = C’ /ddl - CZ £ a&/
s
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Provision will be made for (; as high as .5 and C, as large as 4.0,
to allow a margin for the effects of Mach number and inaccuracy in
estimated aerodynamic data.

By a similar analysis the rudder servo input from roll rate, 2
may be determined, @P may be obtained from the equation

NP + Nd;, £, =0
Solving for ﬁp » substituting for Nf: and /V;, and neglecting terms
of small magnitude, we obtain approximately

[ xz
4 CoCor (2], b
A, = =
S C 2[/0

”
%

Again a reference condition of M =0.65 is chosen for which

C,,= .0/5-.087 C,
C‘éﬁ = "'.677

txgﬁx =, 0354 -.0875 CL

Cpy = =082

T
1l

.C58

Mz

?psi

O
]

0.37

Thus 7 p
£ -—/2./+24.5 2 )
o Vo Dpsi

R
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The first term is neglected and a variable coefficient, C'3 , is used
to allow for speed changes. As a result the rudder deflection due to

roll rate, for coordination, may be written

"C«="C3 = //a

Posi

where C;. has a maximum value of 0. 2.
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SECTION VI

INSTRUMENTATION AND ELECTRONIC DESIGN

BY J.L. BEILMAN
A. OBJECTIVES

The proposal for Phase I of the T-33 program established as one of the
goals of that phase the creation of a block diagram of the automatic con-
trol system. It was required that this diagram indicate a workable system
based on specific components and circuits. Bench tests were to be conducted
2s necessary for the procurement of data in order to achieve thig result, The
final purpose was to become sufficiently familiar with the required system that
its detailed design could be launched immediately at the beginning of the next
phase of the program.

A desired result of Phase I was, then, a state of knowledge such that for
each block on the system block diagram, a component instrument, a circuit,or
a combination of these could be specified. It was anticipated that some func-
tions might be required which would demand new techniques. In such cases,
if insufficient time was available for complete development of the technique,
the most promising approach to the problem was to be indicated. For each
block in the system, it would at least be known that there were available practi-
cal and workable methods that could be used to meet the design requirements.

B. CHRONOLOGICAL DEVELOPMENT OF INSTRUMENTATION ACTIVITY

Quite obviously, a considerable amount of aerodynamic study had to he
completed before the system requirements could be defined in detail sufficient
for preparation of complete block diagrams, However, because of the value
of a functional block diagram in presenting a single'picture of a complex,
multi-channeied sysf:em, one was prepared in the early stages of Phase I work.
This block diagram showed a kind of skeletal system, with most of the inputs
and outputs, but it was quite incomplete as to the internal cross-coupling and
programming.

With the block diagram as a guide, the system was studied in order to
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select the features which might be investigated before specific data became
available as a result of the aerodynamic studies. These features were neces-
sarily of a general nature, relating to such things as reliability, miniaturiza-
tion, the choice between AC and DC signals, the means of mixing and amplify-
ing signals, schemes for differentiating, integrating and generation of non-
linear functions, and a review of our own experience with various types of
primary sensing instruments. Several specific activities resulted immediately
from the initial consideration of the functional block diagram of the system.
Detailed information was requested of the aerodynamics group to determine

whether there were any unusual requirements for the primary signal trans-

ducers. As the aerodynamic studies progressed, the desired information
relative to the transducers was made available. Catalogs of the various
manufacturers were then consulted in-order to find satisfactory instruments,
meeting the requirements of range and static and dynamic response. The in-
strument meeting these requirements were then compared on the basis of de-
sign, size, and type of pickoff employed, signal level, quality of construction
and cost.

In connection with reliability and miniaturization of the system, it was
decided to consider the use of transistors. These appear to offer tremendous
advantages over vacuum tubes in size, power consumption and heat dissipation.
It is also claimed that they are more reliable than vacuum tubes. In order to
gain first-hand experience in working with these devices, a number were pur-
chased and a transistorized servoamplifier was developed. This amplifier is
capable of driving one of the hydraulic flow control valves being considered for
the control surface position servos. Satisfactory bench tests of this unit were
conducted but it has not been tried in an actual servo test setup. A detailed
account of this unit, along with our conclusions regarding the use of transis-

tors, will be found later in this section.
As a result of thig investigation, the following instruments have been

found satisfactory and have been selected.
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PARAMETER TO BE TYPE OF INSTRUMENT PROPOSED INSTRUMENT

MEASURED
@ VERTICAL GYRO KEARFOTT 520160-1
7’ RATE GYRO U. S. TIME MODEL 4o
6 RATE GYRO U. S. TIME MODEL 40
y2 RATE GYRO U. S. TIME MODEL 400
Ny ACCELEROMETER SCHAEVITZ ENGINEERING MODEL VC
ny ACCELEROMETER SCHAEVITZ ENGINEERING MODEL HC

By the time that the instrument specification studies were complete, much
new information regarding system requirements was available from the con-
tinuing aerodynamic studies. It was desirable to incorporate this information
into the system block diagram and the second functional block diagram result-
ed. The system so represented was felt to be fairly close to the final config-
uration as far as the artificial aerodynamic stability section was concerned.
The section relating to the artificial feel for the pilot's controls was still quite
primitive but, soon after the second block diagram had been prepared, a great
deal of study was given to the requirements of this part of the system. As part
of this study, various configurations of the system were considered from the
standpoint of obtaining the required functions with a minimum of complexity.
Minor modifications of the system requirements were made where this permit-
ted a significant reduction in the electronic circuitry and the number of compo-
nents such as amplifiers, function generators, controls and switches.

A third functional block diagram was then prepared which incorporated the
desired features of the pilot's artificial feel system. Due to the complexity of
the over-all system,this "diagram' actually consisted of three separate dia-
grams; one each for the pitch axis, yaw axis, and roll axis control systems.
(See Figures 5, 6, and 7).

A study of these functional diagrams then began for the purpose of develop-
ing the electrical block diagrams of the system (Figure 12). Such electrical
diagrams are a prerequisite for a well organized approach to the problem of
detail design. A system must be defined in terms of blocks which represent
physically separate units or electrically independent circuits before it is

practical to undertake the detail design.
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The study of the functional block diagrams of the three-axis control sys-
tem consisted of looking for the optimum scheme for integrating all of the
required functions into a single system. Figures 5, 6, and 7 show a duplica-
tion of input devices, but in general, a single instrument will be used for each
flight parameter to be measured. Where a particular signal must modify
several other signals it is a good scheme to utilize instrument-type servo-
mechanisms. In special cases, it may be satisfactory to rake the excitation
voltage of one instrument a function of the output voltage of another instrument
and this is the simplest way of combining signals. This is not usually satis-
factory when an unmodified output of the first instrument is required elsewhere
in the system, for then the inverse operation must also be performed.

Inspection of Figures 5, 6, and 7 reveals numerous multiplications and
divisions by q In one instance the 'tincremental ¢ ' signal must be
divided by ¢ and nowhere is an unmodified "incremental ¢ " signal requir-
ed. In most instances particular signals are required both modified by ¢
and unmodified by ¢ In some cases, the stick position signals, for exam-
ple, both ¢ proportional and inverse g proportional outputs are required
in addition to an unmodified output. To arrive at a scheme which seemed to be
most efficient for performing all of these functions required consideration of
many of the possible combinations and sequences of operating on the various
signals. Such consideration was based on the specific electrical and mechani-
cal details of instruments or systems already designed and available. By
observing this limitation the scheme which evolved was one which can be im-
plemented more easily than any which would have resulted if new and very
specialized instruments were required.

The process of 'tailoring'' the system to fit instruments and sub-systems
of proven design has been followed wherever possible. For this reason a cer-
tain manufacturer may literally be a ''sole source' supplier of a particular
piece of equipment required for the system if he is the only one who can supply
the equipment without first undertaking a development program. This is true,
for example, of the Preseure Monitor System which we contemplate purchasing
from the Kollsman Instrument Corporation of Elmhurst, Long Island, New York,

They have designed a servo type instrument capable of supplying three of the
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four required dynamic pressure functions. Our specific requirements can be
met, without changes in the basic design, by merely changing details such as
gear ratios and the number and type of output devices. A more detailed ac-
count of this system appears in this section under Computing Functions and
Major Sub-systems,

Several other activities related to the instrumentation phase of this pro-
gram were carried on parallel to the system development. These were, how-
ever, of a more detailed nature and, consequently, they will be discussed
below.

It should be pointed out that the finished functional block diagrams still
present only a simplified picture of the control system. Many elements such
as amplifiers, power supplies, filters, and phase-shifters are not shown.,

The detail design problem is further complicated by the undesirable effects of
stray couplings of a magnetic, capacitive or conductive type. The system
contains such a large number of components that packaging it to suit the space
available in the T-33 will consume a major share of the detail design effort.
Solution of these very practical problems will be undertaken in the detail de sign
phase of the program.

C. ACTIVITY ON ELECTRONIC DETAILS

In an attempt to maintain continuity in the account of the chronological
development of a preliminary design for the system, no account was given of a
number of other activities, concerned with specific details, which were carried
out during this same period. These will now be discussed briefly. It should be
noted that a 400 cps carrier system is contemplated. This will permit the
use ofstable, feedback-type AC amplifiers in the many circuits where various

signals must be amplified and/or combined.
1. POSITION TRANSDUCER

Due to reliability considerations, it was desired to use an in-
ductive type pickoff, rather than a potentiometer, as the position

feedback element on the hydraulic servopistons. Inductive type
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devices are also capable of providing better resolution than potenti-
ometers. Since there was no linear-motion inductive type pickoff

of suitably small dimensions available commercially, the design and
fabrication of such a unit was undertaken. A photograph of the proto-
type unit is shown in Figure 13. This unit has a linear motion range
of £2. 5 inches with a body length of 6 inches, overall lengths of 7
inches when fully retracted and 12 inches when fully extended. The
essential parts of the device are a linear cam, a spring loaded cam
follower and a linear-variable differential transformer. The maxi-
mum output voltage is about 300 millivolts with a phase reversal oc-
curring at the central position. This unit was used as part of the
equipmenf for the hydraulic serve performance studies which are
discussed in Section IX of this report. It was not a purpose of these
tests to evaluate specifically the performance of position pickoifs
but the performance of this particular unit was satisfactory through-

out the tests.
2. AUXILIARY SURFACE SERVO

The auxiliary surface of the T-33 alrplane will be operated by a
separate servo system comprised of an electric actuator with internal
gearing, a position feedback element, an amplifier and input signal
circuitry.

The system planned is similar, but with some improvements,
to that which is now employed in the F-94 variable stability airplane
at Cornell Aeronautical Laboratory in conjunction with USAF Contract
No. AF33(038)-20659, A description of the variable stability instal-
lation in this F-94 can be found in Reference 6. The actuator and
amplifier are of the latest designs being produced by Minneapolis-
Honeywell. These parts have been received and their bench tests will

soon begin.
3. PHASE SHIFTER

Due to the variety of output or signal devices used in the various
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instruments {synchros, microsyns, strain gauge bridges, etc.) con-
sideration must be given to the carrier-phase compensation required
to permit combining these signals properly. A phase-shifting circuit
for this purpose has been designed, constructed and tested (Figure 14).
This device employs only one vacuum tube plus assoclated components
and provides a wide range of phase adjustment (0 to 120 degrees) at a

constant voltage and impedance level.
4. TRANSISTORS

Developments in silicon junction-type transistors prompted the
Instrument section to investigate the possibilities of using them in
place of vacuum tubes. With this in mind, some were purchased from
Texas Instruments, Inc. and an experimental study was initiated. The
first step was determining their characteristics as amplifiers of 400
cps sine waves. Many different configurations of two stage circuits
were tried in an attempt to get as high a voltage gain as possible while
keeping the input impedance at a reasonably high value of a least 1000
ohms. Another desired feature was interchangeability of transistors,
Manufacturing problems have been such that, at this writing, the
closest obtainable power gain matching between transistors is two to
one,

During these experiments it was found that interchangeability in
a non-feedback amplifier was impossible without a readjustment of the
transistor bias. With this an accepted feature, the next step was the
development of a phase detector. Again different configurations were
tried with the final result being the push-pull grounded base connection.
With the phase detector and a two-stage amplifier driving it, both form-
ing the basis of a servoamplifier, a subminiature unit was constructed
(Figures 15 and 16). Tests showed that when the unit was driving re-
sistive loads of 1000 ohms in each collector, which is equivalent to
the resistance of each winding in the hydraulic flow control valve used
on the servo test rig, the DC output current is linear for 20ma over an

input voltage range of 70mv rms, 0 and 77 phase. This is a load
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current to input voltage ratio of approximately 0.6 ma/mv as deter-
mined by the slope.

The satisfactory results of the servoamplifier led to experiments
to determine the feasibility of using transistors in a summing ampli-
fier. For this service it would be desirable to have a high overall
voltage gain amplifier, before feedback, of about 60 db with a high
input impedance. This would then be reduced by some 40 to 45 db of
feedback bringing the overall gain down to 20 or 14 db which is a gain
of 10 or 5 times. It was further felt that the interstage coupling should
consist of RC networks, with a minimum of by-pass capacities that
could introduce phase shifts.

These experiments resulted in a four-stage amplifier preceded
by a 100, 000 ohm isolation resistor. The overall voltage gain from
input resistor to output was 52 db or 400 times. Inserting 36 db of
negative feedback resulted in an overall gain of 16 db or 6 times.
Transistor interchangeability was tried and found to be quite success-
ful in all but the second stage. In the hopes that this offered a worka-
ble arrangement, the servoamplifier was connected to the summing
amplifier and experiments conducted. During this period the summing
amplifier failed. It was found that the summing amplifier was very
sensitive to bias changes and this could result from a slight change in
either bias resistor or transistor characteristics.

Since this particular circuit seemed unreliable, a further investi-
gation into stable, high voltage gain, RC coupled amplifiers was under-
taken. In the limited time available for this further study, no other
configurations of RC coupling were found which yielded the gains
desired.

In an effort to ascertain what performance and reliability were
being obtained by others in the field, a visit was made to several
organizations in the New York City area, Transistors have been suc-
cessfully used in airborne electronic equipment for at least a year now.
Servo and summing amplifiers of the types we need, using silicon junc-

tion transistors, have been developed and give excellent results. The
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organizations which are now using transistors with such success,

however, have developed their ability and experience in this field over
a number of years. Discussion with these organizations confirmed our
growing judgment that we lack sufficient experience with transistors to

start using them in this particular system.
5. SERVO TEST RIG

In order to conduct the desired studies of hydraulic servo systems
employing both flow control and pressure control hydraulic valves, it
wag necessary for the Instrument Group to supply the Mechanical
Design Group, who were primarily responsible for these studies, with
certain electronic equipment. After the general requirements of the
tests were defined, an electronic unit which would facilitate the conduct
of these tests was designed and constructed (Figures 17 and 18).

The unit was designed to perform the following major functions:

a. Sum 400 cps command, position feedback, force feedback
and velocity feedback signals and feed the resultant signal
to a servoamplifier capable of driving either a flow control
or pressure control hydraulic valve,

b. Provide for the introduction of command signals of either
a sinusoidal or transient (step function} nature,.

c. Provide a means of recording the various system parameters
of interest.

A number of special features were incorporated in this unit. It
was possible to vary the servoloop gain by known amounts with a
calibrated gain control. A mechanical chopper converter was used
to convert the linear-velocity generator output to a modulated 400 cps
carrier signal. This signal was then used to provide servo rate damp-
ing through a calibrated attenuator. Another chopper converter was
used to derive a modulated carrier signal from the output of an elec-
tronic low freqﬁency oscillator. This facilitated the sinusoidal fre-
quency response measurements of the servo performance., There were

four high-gain AC carrier amplifiers with chopper demodulators and
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two DC recording channels. All six recording channels had calibrat-
ed attenuators and the output circuits were designed to drive C. E. C.
Type 7-315 galvanometers. All six channels were adjusted to have
nearly identical phase lags so that the phase difference of any two
recorded parameters could be read directly from the records without

applying correction factors.
6. CHOPPER DIFFERENTIATOR

The concept of differentiating is mathematical, and no electrical
or mechanical system exists whose transfer function is truly a deriva-
tive in the mathematical sense. However, a number of physical
arrangements presently in use do provide an output which approximates
the time derivative of the input quantity, with an acceptably small error
over a limited range of frequencies.

The physical arrangements involved are usually described by a
first-order, linear differential equation with constant coefficients. A
capacitor in series with a resistor is an example of one of these
arrangements and the transfer function (ratio of the voltage across the

resistor to the voltage across the combination) has the general form
2 T/f /T

Inspection of this transfer function reveals one of the basic diffi-
culties with all analog differentiators. The ideal transfer function is
simply /’w » i.e., the output should lead the input 90° in phase and
be linearly proportional to the frequency. In order to make the above
expression approximate jcu ; it is necessary to make the product

W T so0 small compared with unity that the denominator is approxi-

mately unity. This in turn means that the amplitude ratio of output to
input is also very small. For example, if it is decided to tolerate a
maximum phase error of 10° {output leading input by 80°) in an RC
differentiator, it means that at the highest frequency which can be

differentiated with this error the amplitude ratio will be about 0,18,

while at lower frequencies the amplitude ratic will be even smaller.
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On the other hand, if 5° is decided upon as the maximum tolerable
phase error, the amplitude ratio will be only about 0,09, at the highest
frequency which can be differentiated with the specified error. Thus,
it can be seen that in practice the limit on the obtainable accuracy is a

~ function of the noise in the system, because theoretically, no matter
how small the amplitude ratio becomes it can be compensated for by
an amplifier with sufficiently high gain.

An additional point worth adding to this brief introduction to the
problem of analog differentiation is that, of all the physical systems it.
is possible to use, few permit so simple an adjustment of parameters
as is possible with the RC network.

In signal systems employing a modulated AC carrier voltage, it
is frequently necessary to obtain the first time derivative of the modu-
lating or intelligence freqﬁency. A number of schemes for doing this
are known, but they are generally more complex than the RC network
which can be used to differentiate a signal having no carrier component,
Therefore, one solution, and a technique which has been used frequent-
ly, is to remove the carriér component by rectification. The rectifica-
tion process must be phase sensitive in order to preserve the sense or
directional information of the signal. Thus, one phase of carrier volt-
age will produce a rectified voltage which is positive while another
phase, opposite by 180°, will produce a rectified voltage which is nega-
tive. This is quite simple. The situation becomes more complicated
when it is necessary to have a carrier voltage for the differentiated
intelligence.

At this point it is necessary to examine briefly some of the basic
characteristics of available rectifying elements. These fall into three
general classes: vacuum tubes, semi-conductor diodes, and mechani-
cal or contact rectifiers. Henceforth, our consideration of contact
rectifiers will be limited to a particular type with which we have had
considerable experience--the chopper. The chopper has been defined
as "an electro-mechanical switch for the production of modified square

waves of the same frequency as, and bearing a definite phase relation-
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ship to, a driving sine wave."

A chopper is basically a phase sensgitive device while vacuum
tubes and semi-conductors require special circuit techniques to make
them so. Vacuum tubes and semi-conductors are capable of handling
far more current than choppers. Vacuum tubes and choppers require
power for their operation while semi-conductors do not, In size there
ig little to choose between vacuum tubes and choppers but, for signal
level currents, semi-conductor diodes can be made extremely small--
on the order of 0, 05 in. 3, volume., Both vacuum tubes and semi-con-
ductor diodes suffer in comparison to choppers in a characteristic
which is important in signal circuits, i.e., noise discrimination. Rec-
tifiers in the first two classes show practically no noise discrimination
while choppers (a) completely eliminate even harmonic components,
regardless of phase with respect to the driving voltage, (b) reduce and
may even eliminate odd harmonic components, depending upon the phase
with respect to the driving voltage, and {c) provide normal rectifying
action only at the driving frequency so that ''white' noise produces no
net DC voltage in the output as it would with vacuum tubes or semi-
conductor diodes.

Now, returning to the differentiator problem, a scheme was
described in which the modulated carrier is rectified so that the in-
telligence may pass through an RC differentiator network. Reconver-
sion of the differentiated intelligence to a modulated carrier signal
poses a problem. In past instances this has been solved quite simply
by using a chopper to inject a carrier with the desired phase relation-
ship. Since, for reasons stated above, a chopper has also been used
as the rectifying element, this has resulted in two choppers being used
each time it was necessary to differentiate the envelope of a carrier
voltage.

In a previous study (Reference 7) an analysis was made of a
"'Synchronous Notch Filter' employing a chopper. Observation of the
theoretical amplitude and phase characteristics of this device suggest-

ed the possibility of using a single chopper, in conjunction with suitable
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rasistances and capacitances, to accept a modulated carrier voltage
input and produce a modulated carrier voltage output, such that the
output modulation is the time derivative of the input modulation,
Furthermore, it was suspected that this circuit would possess a
characteristic basically more important than the elimination of the
second chopper. Due to the synchronous nature of the chopper action,
it appeared that such a circuit would be insensitive to variations of the
carrier frequency. This would be an important advantage over the fre-
quency selective networks frequently used for rate signal derivation in
AC servomechanisms. The transfer functions of these networks are
such that a change in carrier frequency will produce an output as well
as a change of modulation.

The schematic arrangement of the chopper differentiator is as

follows:
CHOPPER

T T | IC' 2

O— AN Lo o

2’ | 2 Ji I
I YA 0
£ —o 2
v ¢, T Eout
O > O

It is possible to gain some physical insight into the operation of
this circuit by considering the sequence of events when a 400 cps
sinusoidal carrier voltage, of fixed amplitude, is suddenly introduced.
This will amount to an input of a step function on the carrier voltage
envelope. A description will then be given of the time variation of the
envelope of the output carrier voltage. Figure 19 shows the corre-
sponding waveforms.

A particular set of conditions is chosen for the sake of illustra-

tion. They are:

WADC TR 55-156, Part 1 125



a. The input time constant 2, C, is so short compared to the
period of one cycle at the carrier frequency { &), ) that q
can always charge to the peak amplitude of the carrier voltage
{ Emax ).

b. The phase of the input carrier voltage ( 95{/ ) lags the phase
of the reed driving voltage or reference carrier voltage ( ¢C )
by 90°. This is a necessary feature in order that the reed (1)
and therefore C', will always break away from chopper con-
tact (2) when the amplitude of the carrier voltage is + £ ,,,« .

c. The transit time of the reed is negligibly small and the duty cy-
cle at each chopper contact is about 50%, i.e., during one cycle
reed (1) is connected with contact {2) for one-half the period and
with contact (3) for the other half of the period.

d. The output time constant th CZ is long compared to the
period of one cycle at the carrier frequency.

e. C', is much greater than Cz so that its voltage remains
nearly constant while transferring charge to Cz through

)@z , thus approximating a battery.

f. There is no initial charge on (), and neither C, nor C,
have any internal leakage.

g. At =0 the reed (1) is connected to the input contact (2) which
has a voltage Emax .

Now consider the following sequence of events. At the end of the
first one-half cycle, the reed moves so that C', is connected to

Cz and ;Qz with a voltage + £ prasx corresponding to a charge

G £,

eously, Emc:x 2

cay exponentially as C:? accumulates the charge surrendered by

z
C; . (For the conditions chosen, this decay is €~ SRy Cx ).

ax° @ . Because (, cannot change its charge instantan-

appears across /A, but immediately begins to de-

However, before the amplitude has decayed very much the first cycle
ends and (, is disconnected from C, . leaving a certain net
charge on Cz . During the first half of the second cycle the charge
on C', is replenished. At the start of the second half of the second
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cycle C, , with a voltage Emax » is again connected to C,
and ‘Qz . Now, because of the charge retained from the previous
cycle, Cz has a voltage already appearing on it. Consequently, a
voltage less than Emax by this amount appears initially across

/ez . Again, this voltage immediately starts to decay and the decay
is interrupted when C', is disconnected from Cz_ at the end of the
cycle,

Each subsequent cycle will be a repetition of the above processes
until CZ has acquired a voltage _fqu » when there will no long-
er be an output. Thus, it can be seen that, for a step function of car-
rier voltage amplitude as an input, the output will be a series of some-
what rectangular pulses with each pulse having a lower amplitude than
the previous one. In fact, the amplitudes decrease in a geometric ratio
and the envelope of the pulses decays exponentially with time. This re-
sponse is the same as the response of an RC network to a step input of
DC voltage. We then infer that, for the proper choice of parameters,
we have the same transfer function. Consequently, we have a differ-
entiator.

Bench tests of the chopper differentiator have been conducted and
the results show it to be a practical and workable device. An important
electrical requirement is that the chopper differentiator circuit be power
driven, i.e., the signal should be supplied from a low impedance source
capable of providing a level of one or two volts. The low impedance is
required in order that the input capacitor can charge to the peak voltage
of the input carrier. Also, by having a signal level of several volts,
the effects of internally generated chopper noise (on the order of one
millivolt) are minimized.

Tests conducted to date have been in the region of 0.2 to 2.0 cps,
where a phase error of 10 degrees is tolerated at 2 ¢cps. For the vari-
ous parameter configurations which have been tested, good and consist-
ent results have been obtained. Both the phase and the amplitude re-
sponses obtained show good linearity, as a function of frequency, with-

in the operating range (Figure 20).
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Experimental evidence has also been obtained that the chopper
differentiator is indeed insensitive to variations of the carrier fre-
quency, as originally anticipated. Variations up to 10% in the carrier
frequency produced no detectable change in the output. Analysis of the
circuit shows the effect of a change in carrier frequency to be a propor-
tional change in the effective time constant, but so long as there is no
change in amplitude modulation, a change in carrier frequency should
produce no output,

Tests on this circuit are continuing in order to develop circuit
techniques, to establish practical upper and lower frequency limits for
satisfactory operation and to verify and supplement our present design

criteria.
7. COMPUTING FUNCTIONS - MAJOR SUB-SYSTEMS

Earlier in this section, several references were made to comput-
ing schemes and instrument servomechanisms. Some of the proposed
schemes will now be described in detail. The descriptions will be on
a unit basis, i.e., where it is most efficient to combine a number of
functions in a single instrument or sub-system, the functional descrip-
tion of this single device will be given rather than treating the different
functions separately.

a. q Computer
The basic system proposed for supplying several of the @ or
dynamic pressure functions is the Kollsman Pressure Monitor
system. This system is connected to the pitot and static lines

of the T-33 airspeed system, and accordingly it works from im-

pact pressure, Fc - Impact pressure and dynamic pressure,

¢ » remain nearly enough equal over the T-33 flight range
that the use of 2¢ 1instead of ¢ does not affect the principles
of operation of the system. The difference between 9c and

¢ will be accounted for in actually selecting gain settings.
The following is based on the results of a conference with Kolls-

man engineers regarding the specific application. This servo
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instrument system would be modified to provide the following

specific functions:

1. Three synchros with shaft or armature rotation proportion-
al to ¢ would be available. One of these would have a
constant excitation on the primary, and the amount of q
proportional output would be controlled directly by the pilot.
This signal would then go to the stick force computer, pro-
viding the pllot with a trimming stick force that varies with

9 . The other two synchros would be used to mulitiply the
the elevator stick position and rudder pedal position signals
by ¢ , which is required by the artificial feel system,

Z. Onmne synchro would be available with armature position pro-
portional to the change in ¢ from any selected reference
value. This is accomplished by means of an electrically
operated clutch between a servo-controlled shaft and a spring-
centered synchro. With the clutch disengaged the synchro
rests at a null or electrical zero position. After the clutch
is engaged, any changes in dynamic pressure produce changes
in the -synchro position and proportional changes in the output
voltage. The phase of the output voltage is 0* or 180® accord-
ing to the direction of the change in g . The excltation volt-
age to this synchro would be inversely proportional to g so
that the net output signal would vary as 4 9/9 . This
signal is needed for control of the auxiliary surface.

3. One signal proportional to the first time derivative of g
would be available. Depending upon range and resolution re-
quirements, this may be the same induction generator signal
used for rate damping of the instrument servo system or it
may be derived from a second induction generator coupled to
the servo through an appropriate gearing.

More detailed information on the basic Pressure Monitor System

may be found in the Kollsman Instrument literature. The dia-

phragm actuated mechanism which is the heart of the system, is
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described specifically in Reference 8. Some of the important
features of the system are: small internal volume for rapid re-
sponse time, temperature compensation of the basic mechanism
plus thermal isolation from the motor-generator (and amplifier
if internally located), and a usable resolution as high as 1 part
in 50, 000,

b. Inverse g Computer
Voltages inversely proportional to ¢ are required for excita-
tion of the "incremental @ ' synchro in the Kollsman Pressure
Monitor and as inputs to both the bank angle function computer
and the turn coordination computer ( dda?/ A5 program-
med with ¢ ). In addition, there are four signals whose am-
plitude must be inversely proportionalto ¢ , namely the
normal and lateral accelerometer signals and, when simulating
aerodynamic feel, the rudder pedal and elevator stick force
signals. If only the voltages were required, it might be satis-
factory to use a potentiometer type pressure pickup, as has been
done in the past, and to generate the inverse function by resis-
tance loading of the output. This is felt to be generally undesir-
able from both a reliability and an accuracy standpoint. In
addition, when there are good reasons for not operating on the A
excitation of particular pickups, such as the accelerometers and
strain gauges in this case, it then becomes necessary to use an
instrument servo anyway, in order to drive the attenuating
elements. As long as an instrument servo is required, it is
just as easy and more desirable to use the servo to generate the
inverse or hyperbolic function, eliminating the potentiometer
instrument.
Figure 21 shows the proposed scheme for handling the inverse
g functions. The principal of operation is as follows. The
feedback synchro produces a voltage proportional to the product
of the impact pressure, 9: , and the shaft angle, &€ . The

servoloop shown operates to keep this voltage constant. Ac-

WADC TR 55-156 , Part 1 130



cordingly, 6 will vary inversely as 9c - There would be
five output synchros, one having a constant voltage excitation
and the other four serving as variable attenuators for the accel-
erometer and pilot control force signals. The 8 to 1 variation of
the feedback synchro excitation would cause an 8 to 1 variation
of servo stiffness if it were not for the servoloop gain compen-
sator. This refinement may not be necessary because of the low
dynamic requirements for this system (equivalent to a l cps
second order system with a damping ratic of .6 of critical). It
may well be possible to design the servo system tc be stable
over a']/g , or about 3 to 1 range of natural frequencies without
special compensation because the highest frequency would be only
about 3 cps,

c. Bank Angle Function Computer
The required bank angle function is /- cos ¢/g cos ?5 which
simplifies to //? (sec #-1) . Figure 22 shows a scheme
for generating this function which has been discussed with Servo-
mechanisms, Inc., Westbury, Long Island, New York. It was
found that this computer sub-system could be made up of a
standard servoamplifier and a standard *positioner!' unit with
minor modifications. These devices have been built in production
quantities for the Air Force A-1CM Computing Gun-Bomb-Rocket
Sight.

The scheme shown in Figure 22 employs a non-linear potentiomet-
er. This potentiometer is made to approximate the secant minus
unity function in the range from minus 75 degrees to plus 75 de-
grees by means of 6 linear slopes of resistance versus rotation.
The secant function has a value of unity at zero degrees and there-
fore, the secant minus unity function is zero at zero degrees.

The subtraction of unity is conveniently accomplished by the

grounded fixed center-tap on the potentiometer.

A feature of this scheme is that it in no way restricts rolling
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maneuvers. The attitude gyro has unlimited freedom about the
roll axis and employs a synchro position transmitter. Since the
computing servo also employs a synchro for position feedback
and since there are no mechanical stops on the non-linear po-
tentiometer, the servo will always maintain a one to one cor-
respondence to the attitude gyro, even through 360 degree roll

maneuvers,

D. DETAILED DESIGN

A brief discussion of the plans for proceeding with the detail electronic
design of the three-axis artificial stability system follows, pointing out some
problems not previously mentioned.

The first step will be to write the detailed specifications for all of the sub-
systems which are to be purchased from other companies., Purchase orders
will then be placed for these items as well as all of the primary seusing instru-
ments (gyros, accelerometers, etc.) which we require. Work will then begin
on the items which are to be designed and constructed by Cornell Aeronautical
Laboratory, particularly power supplies, junction boxes, control panels and
amplifiers, Close coordination will be required because all of the blocks must
be electrically and mechanically compatible. Decisions must be made as to the
physical placement of the system in the airplane so that the units may be pack-
aged accordingly.

The next stage will be one of testing both Cornell Aeronautical Laboratory
built and sub-contractor items, which should be supplied by that time. After
this, the entire computer system will be assembled and interconnected on the
bench for an extensive period of functional testing. One of the primary efforts
during this phase will be, as previously mentioned, the elimination or reduction
of noise and unwanted couplings between circuits. This will be accomplished
chiefly by physical rearrangement of system components, magnetic and electro-
static shielding and by modifications of cabling and wiring,

The final success of this effort will be indicated when it is possible to con-
nect the computer system into the various servo systems and obtain the desired

overall gains (servo position output to flight parameter input) without objection-
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able noise apparent in the servo output. At the same time the system must
exhibit the required resolution, or ability to respond to very small signals.

Another problem of considerable magnitude, which must be solved in the
detail design phase and which has not yet been mentioned, is the matter of
operational safety. All aspects of the system which could conceivably affect
the safety of flight must be considered and appropriate steps taken to insure
safe operation. This holds not only for considerations of the system during
periods when the artificial stability system is engaged and operating, but also
for the transient operations involved in turning on, engaging and disengaging
the system. In addition, these operations have to be carried on in a manner
compatible with all of the electrical, mechanical and hydraulic elements of
the system. Attention will be given to making the required operational se-
quences and interlocks as simple as possible so as to meet all the require-
ments of safety with maximum reliability.

When all of the above problems have been considered, solved and the
necessary equipment constructed, the artificial stability system will be ready

for installation in the airplane.
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SECTION VIII

PRELIMINARY LAYOUT OF

SERVO AND MECHANICAL INSTALLATIONS
BY W. CLOSE
A. INTRGDUCTION

At the commencement of the preliminary design investigation in July 1954,
the only information available was contained in the T-33 Erection and Mainte-
nance and Structural Repair Handbooks. This was supplemented later by twenty-
three relevant blueprints from Lockheed Aircraft. Still later, T-33A aircraft,
Serial No. 51-4120, was delivered to Cornell Aeronautical Laboratory and com-
plete structural information could be obtained.

Early in the design investigation, it was decided that a 1000 psi hydraulic
system should be used, this also being the normal T-33 gystem. Servo sizes
were arranged to utilize half system pressure at maximum working load in or-
der to allow the servo valve to work at a reasonably low load. However, the
size penalty was considered excessive for the aileron position servo and 700
psi was used as top working pressure. The elevator and rudder position gervos
were subsequently redesigned to agree.

Objectives in the design investigation were.first, to determine where feel
servos and position servos could be installed and to prepare layouts to confirm
this, and, secondly, to evaluate the most suitable installations. To begin with,
position servos were to be mounted as close to their control surfaces as possi-
ble to reduce undesirable spring effects in the connections. It will be seen in
the detailed account which follows that this criterion was subsequently relaxed.
An additional objective was to design interchangeable wheel and stick installa-
tions for the test cockpit which could be readily changed from one configuration
to the other,

B. PRELIMINARY LAYOUT OF ELEVATOR SERVO

Figure 23-a. The first survey showed that since the stabilizer is only
about 2-1/2 inches thick at the 70% line 30 inches outboard from the center-

line of the aircraft, it was not practical to mount an actuator inside the
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stabilizer to give direct connection to the elevator.

Figure 23-b. An external mounting on the underside of the stabilizer was
considered very briefly but discarded since it was not thought desirable to add
excrescences to the aircraft,

Figure 23-c. Working back along the elevator control run, it was thought
that space inside the dorsal fairing might be used. At this point elevator mo-
tion is transmitted via an idler lever working through a slot in the outer skin.
By fitting a new lever at this point the actuator may be connected into the sys-
temn. This layout gives some protection from jet pipe heat, good accessibility
if the dorsal fairing is modified, and direct action through push-pull rods to
the elevator. It would be necessary to widen the dorsal fairing slightly to pro-
vide sufficient room for the actuator inside, depending on the final actuator
design.

Figures 24 and 25. At a much later date in the design investigation, it
was decided that it would be feasible to mount the position servo at some dis-
tance from the elevator. There is ample space in the forward end of the engine
compartment, and the existing upper bell crank assembly in the elevator control
system behind station 228 may be replaced by a new triple lever and servo as-
sembly, motion being transmitted back to the elevator through the existing sys-
tem of push-pull rods, which are considered to be of ample rigidity. This
arrangement appears the best since there is adequate space for the installation
and good accessibility with short hydraulic and electric lines which are not
broken when the aft section of the fuselage is removed for engine chang.es.

Figures 26 and 27. Provision of a pilot controlled lockout on the eleva‘or
spring tab mechanism is difficult and it is proposed to lock this mechanism
permanently as was done on the F-94 aircraft modified by the Flight Research
Department, Cornell Aeronautical Laboratory, under Contract AF33(038)-20659.
Figure 26 shows the T-33 mechanism before locking and Figure 27 shows the

F-94 mechanism after locking,
C. PRELIMINARY LAYOUT OF RUDDER SERVO

The provision of a position servo close to the rudder is complicated by two

factors--proximity to the jet pipe heat, and the impenetrable bulk of the stabil- '
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izer center section.

Figures 28-a and 28-b. The addition of a push-pull rod to the rudder
lever is impractical because of the frame modifications involved.

Figure 28-c. A position aft of the rudder hinge line was given some
thought but discarded because the mounting in the tail jet pipe fairing present-
ed great difficulties. |

Figures 29, 30, and 31, It was decided to investigate the use of part of
the existing rudder control cable system to connect the actuator to the rudder,
If the small, half-moon-shaped bulkhead just forward of Sta. 376 is removed
and the shroud over the jet pipe continued forward to bulkhead ring Sta. 364,
space is made available forward of the stabilizer front spar. In this box, a
servo may be fitted which would be connected to a short vertical shaft at whose
bottom end is a triple lever assembly. The control cables would be divided on
both sides and connected up as shown in Figure 31, This arrangement would
provide a short, closed-circuit cable system between the servo and the rudder,
while still maintaining a closed circuit between the rear cockpit rudder pedals
and the rudder.

The structural modification to the fuselage between stations 364 and 376
would require advice from Lockheed Aircraft.

Figure 32. Although considered practical, the previous arrangement does
involve some aircraft structural modification. An investigation was made,
therefore, of a position servo mounted in the engine compartment and operating
the rudder through the existing cable run. These cables are, of course, of
ample strength but their elasticity is questionable. However, improvement
may be obtained by fitting larger diameter cables or swaging tubes over the
cables in the runs between the guide pulleys. In order to complete a closed
circuit from the servo to the rudder, a rocking beam across the top of the
engine compartment is proposed, with the position servo operating the beam.
Although the beam is about 32 in. long, its polar moment of inertia could be
kept to a reasonable minimum by careful design. The gear ratio between the
beam and the rudder would further reduce the effective moment of inertia of
the beam by a factor of about 12 when referred to the rudder axis. Provided

that the question of cable stiffness can be satisfactorily settled, this arrange-
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ment is the best. It avoids major structural modification at the rear of the
fuselage, and has advantages similar to those of the elevator position servo

installation shown in Figures 24 and 25,

D. PRELIMINARY LAYQUT OF AILERON SERVO

First design efforts were spent in inve stigating actuator positions adja-
cent to the ailerons. Space between the front and rear wing spars is complete-
ly occupied by fuel tanks., Aft of the rear spars, the wing ribs and auxiliary
beam form a series of cells in which the aileron mass balances are located.
The cables operating the ailerons run from a drum near wing station 171 in-
board via a guide pulley. Since turnbuckles are neces sary here, there is no
length available to add a servoactuator.

Outboard of the drum, it is possible to install a small servo concealed in
the wing and connected directly to the aileron (Figure 33),but when control
forces were checked, assuming a working pressure of 700 psi, the resultant
actuator size overruled this possibility,

Consideration was next given to an external mounting for the servo under
the wing, and some layouts were drawn up for various possibilities., The best
arrangement, Figure 34, using an idler lever to increase leverage, involves
a large blister under the wing {9 inches wide, 7 inches deep, length = wing
chord at this polnt). The actuator has a stroke of 4-3/8 inches, and an area
of 2. 66 square inches. This arrangement permits a unit assembly of position
servo and idler lever to be attached directly to the front and rear spars and
gives excellent accessibility.

The required blister turned out to be fairly sizeable and it was doubtful
if an external installation was the best de sign compromise. Accordingly, it
was decided that further consideration should be given to an internal mounting,
even if some loss of fuel capacity was involved. Layouts were prepared for a
' servo installation in the cell occupied by the outer outboard wing tanks (between
Sta. 171 and 216). See Figure 35. This installation involves a total loss of 16
gallons fuel capacity equal to 4. 5% of capacity without drop tanks,or 1.97% of
capacity with drop tanks. The actuator piston rod would work through a rein-

forced slot in the rear spar and be connected to a lever added to the existing
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control drum (Figure 36) giving a direct connection to the aileron. The actua-
tor has a stroke of 5-5/16 inches and an area of 2. 55 square inches. Access
to the servo would be through a stress carrying door in the under wing skin.

At this stage, calculations had been made of the effect of long cable con-
nections between the servo and the aileron. The results were sufficiently
promising for design consideration to be given to a single servo mounted in the
fuselage and operating both ailerons through the existing cables. A layout was
prepared for mounting in the forward end of the engine compartment below the
left-hand duct entry and a connection to the cable drum on which the aileron
booster unit works (Figure 37). Actuator stroke for this installation is 3-1/2
inches, and piston area is 4. 37 in2 .

This installation requires a new position for the ship's hydraulic accumu-
lator and rearrangement of the hydraulic piping in this vicinity. A check was
made of the relationship between the aileron movement and the aileron drum
movement, which proved to be linear,

At present, this arrangement 1s preferred, provided the question of cable
stiffness can be handled. This question has two aspects. Omne is the effect of
cable stiffness on the servo's dynamic performance. The other is the fact that
cable stretch reduces the available rolling performance compared to that avail-
able with servos in the wings. (The rolling performance would be the same asg
a normal T-33 however.) The wing installatioh would be quite tight and would
involve structural modification and loss of fuel capacity. The center-line in-
stallation avoids these difficulties and alsc has the advantages mentioned pre-
viously for the elevator and rudder position servo locations in the engine com-

partment.

E. PRELIMINARY LAYOUT OF AUXILIARY SERVO

No design investigation and layout work has been done on this installation,
since it is considered that the similar arrangement used on the F-94 aircraft
modified by the Flight Research Department under Contract AF33(038)-20659
is readily adaptable to the T-33 project. This is shown in Figure 38.
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F. PRELIMINARY LAYOUT OF COCKPIT CONTROLS AND FEEL SERVOS

The control system is to be designed so that the front pilot will fly on the
servo controls and the rear pilot will retain manual control.

Designwise, this means that the rudder, aileron, and elevator controls
in the front cockpit are disconnected from the existing system and operate
feel servos, while the rear cockpit controls are not changed except as neces-
sary to maintain their functions without benefit of the front cockpit system,

More detailed changes are as follows:

1. The front elevator push rod connecting the two sticks is removed,

2. The aileron torque tube bearing at fuselage station 138.5 is moved

aft about eighteen inches and the forward part of the tube deleted.
This leaves the rear cockpit aileron control undisturbed.
3. Cables forward from the quadrant at fuselage station 158 are changed
so that they connect cross-ship to complete the system (Figure 39-a).
No layout has been made for this modification as it does not seem to
~ present any great problems and may be solved more easily by actual
"rnock-up' on the aircraft.

The installation of the rudder feel servo is straightforward, as space is
available at the fuselage side forward of the shelves, which allows a servo to
be connected directly to the lever which formerly operated the cable, One
servo only is necessary for movement in either direction since a rocking bar
linkage already cross connects the two rudder pedals (Figure 39-b). This
feel servo has a 4-3/4 inch stroke. Although Figure 39-b shows it attached
to the LH pedal, it may be installed on either LLH or RH side of aircraft
depending on which gives an easier run for hy.draulic pipe lines, etec.

Strain gauge pedals of the type developed at Wright Field and shown in
photo 48-1-37 of the Instrumentation Section MCRFTI Flight Test Division,
Wright Fleld, are readily adaptable to the existing ship's pedals.

The aileron and elevator feel servo installations have to be considered
together since they both operate on the one control unit. Three design require-
ments influence the final arrangement. They are:

1. that easily interchangeable ''stick’™ and "wheel' control units be pro-
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vided for the aileron,

2. that the wheel control unit uses a strain gauge wheel for force read-
ings and the stick unit is similarly instrumented,

3. that existing cockpit pressure sealing is preserved. This is important
since lack of space around the pilot requires that the feel servos be in-
stalled outside the pressurized cockpit area.

Volume II of the USAF Handbook of Instructions for Aircraft Designers
gives data on basic cockpit dimensions. Drawing AD] Sheet 1 shows dimensions
for "stick' control and Drawing AD3 Sheet 2 shows dimensions for ''wheel con-
trol. " These are not, of course, intended to be interchangeable and the addition
of a wheel control to an aircraft not designed for a wheel will require that some
compromise be made on dimensions established in AD3 Sheet 2 as being desir-

able. A tabular comparison of the two requirements follows:

STICK WHEEL DIFFERENCE
CONTROL CONTROL IN.
iN. IN.

HEJGHT OF NEUTRAL SEAT REFERENCE 8.50 Q.50 2.00
POINT ABOVE HEEL REST

* HEYGHT OF STICK OR WHEEL REFEREKCE 13.50 20.25 6.75
POINT ABOVE NEUTRAL SEAT REFERENCE
POINT
HEIGHT OF STICK OR WHEEL REFERENCE 22.00 30.75 B.75
POINT ABOVE HEEL REST
FORWARD TRAVEL OF STICK OR WHEEL 5 MAX 5 MAX ———
REFERENCE POINRT FROM NEUTRAL POSITION
BACKWARD TRAVEL OF STICK OR WHEEL 9 MAX 9 MAX ————
REFERERCE POINT FROM NEUTRAL
POSITION

Stick or wheel reference point is defined as the point at which pilot’s second
finger is in contact with the forward face of the stick or wheel.
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It may be necessary to restrict aileron wheel control movement to about
+60* dependent on the size of the wheel. It is probable that a strain gauge
wheel of the type developed at Wright Field will be used. This is shown on
USAF official photograph 48-11-63 of the Instrumentation Section MCRFTI,
Flight Test Division, Wright Field.

Simple interchangeability of stick and wheel control units can be attained
by using the arrangement shown schematically in Figures 40, 41 and 42.

Figure 40 (a and b} illustrates the operations of the aileron feel servo
when the "stick" unit is used, while Figure 41 {a and b) shows the action of
the "wheel' unit on the feel servo.

Figure 42 (a and b) indicates the connections to the elevator feel servo.
The fitting of either "wheel" or "stick! units to the contrel assembly has no
effect on the function of the elevator feel servo.

Design pilot forces being used for strength and rigidity of the controls

are:
LIMIT ~ ULTIMATE
LATERAL WHEEL * 100 LB 150 LB
LATERAL STICK ** 100 LA I50 LB
FORE AND AFT ** 200 LB 300 LB
RUDDER 300 LB 450 LB

* Applied tangent to wheel rim
** Applied at stick grip reference point

Actual working forces will be lower.

Since the radius of the wheel reference point above the pivot centerline is
greater than that of the stick reference point, and stops are fitted at the feel
servo end of the linkages, the greater moments are to be used for design loads.
The same servo is used for both "stick'' and "wheel' installations. Consequent-
ly, the pilot's forces are reduced for the wheel installation with stops disengaged.

Figure 43 shows a wooden mock-up of the front cockpit wheel control. This
mock-up provides vertical adjustment for the wheel unit so that clearances from

the pllot's knees can be checked. It can be seen from the photo that both the
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Student Lockout/Indicator Light box and the AN/ARN-6 control panel require
either elimination or repositioning to clear the wheel pillar in its most for-
ward position. Clearance between the wheel and the canopy locking handle is
considered insufficient and a folding handle would be an improvement here.
The clearance problems just mentioned are of a minor character, how-
ever. The most important problem concerns clearance for the pilot's feet
and knees, should it be necessary to abandon the aircraft in flight by using
the seat ejector mechanism. To provide indisputable clearance, the control
column should be fully forward at the moment of ejection. It is not practical
to expect that the pilot can always do this during emergency and this indicates
that special mechanism must be incorporated to make clearance automatic dur-
ing ejection. Two arrangements are possible, Either the spokes of the con-
trol wheel should "break' and allow the hand grips to fold forward or the whole
control column may '"break" at the bottom and fold forward. Some thought has
been given to possible mechanisms but no layouts have been made as yet,

However, the '"breaking' column arrangement seems most promising.
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SECTION IX
SERVO THEORY AND TESTING

BY C.L. MUZZEY AND W.J. THAYER

A. SUMMARY

This section presents the results of a series of studies and tests conducted
to provide design information for the position and feel servos to be used in the
T-33 variable stability airplane. ‘

It is shown theoretically and verified by tests that position servo perform-
ance can be made relatively independent of loading effects by suitable choice of
piston area and gearing to the load. The test serve, set up to represent the
aileron control servo, proved satisfactory in practice as well as in theory.
Dynamic responses are presented in Figures 64, 66, and 67. Design values
for piston area and gear ratio for all position servos are tabulated in Table XV.

A satisfactory feel servo has been constructed and operated on a test rig.
Additional tests are required to verify the theory for the feel servo. Results
of dynamic tests are shown in Figure 73. Table XVI gives the design values
selected for the feel servos. '

In general, the servos do not require electrical compensating networks;
the only objective in design of amplifiers and other electrical components is
minimum time lag (time constant,on the order of three milliseconds). Addition-
al understanding of the feel servo theory may call for compensating electronic
networks.

It is concluded that servos designed according to the information in this
section of the report will successfully meet the requirements of the flight test

program.

B. INTRODUCTION
STATEMENT OF THE PROBLEM

The Flight Research Department of Cornell Aeronautical Laboratory, Inc.
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has conducted a series of research projects over the past 8ix years in which
the dynamics of a research airplane, as they appear to a human pilot, can be
altered in flight by the use of automatic controls. The earlier projects were
not concerned with all axes of control simultaneously. The pilot had, for

the most part, ordinary aerodynamic loads on his controls. Later, artificial
feel was introduced and as the science of predicting the response of the con-
trolled airplane to specific artificial inputs became more accurate, it was
realized that very high performance servo systems were needed to drive the
flight control surfaces. No less important is the quality of the feel servos
used to provide artificial loads on the cockpit controls, especially when it is
desired to simulate some particular attribute of a proposed control system.
To meet the needs of these research projects it has been necessary to adopt
hydraulic control systems and to study them intensively to get the most per-
formance from them.

The T-33 Variable Stability and Control project under Air Force Contract
AF33(616)-2578 will equip a T-33 jet trainer airplane with hydraulic servos on
its flight control surfaces, and with hydraulic feel servos on the cockpit control-
stick, wheel, and pedals. Motions of the airplane will be appropriately sensed
and fed into the control surface servos to alter the airplane stability, while vari-
ous signals will be supplied to the feel servos to sirnulate aerodynamic and arti-

ficial stick and pedal forces,
SERVO PERFORMANCE

In the operation of an arti{icial stability airplane, a typical problem is to
alter the characteristics of the test airplane so that it behaves like some other
aircraft, Frequently, the two airplanes will be governed by the same equations
of motion, but the system constants or stability derivatives will be of different
magnitudes. If the two sets of derivatives are known, and the servo control
system of the research airplane acts without appreciable time lag, the stability
derivatives of the test airplane can be effectively made equal to those of the
vehicle being studied, If the control-surface servos introduce time lags, they
no longer act simply to change the system constants, but they change the equa-

tions governing the airplane. It is still possible to simulate the new airplane,
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but the job of selecting the proper set of artificial stability system inputs and
gains becomes much more complicated, and the difficulty is greater for great-
er servo lags., Thus, it becomes desirable to build the best servos possible

for a program such as the T-33, and with this end in mind it was decided to
conduct a preliminary theoretical analysis and supporting test program to ob-
tain design data for the servo systems required. At the same time, it was
believed desirable to simulate the feel servos to be used, since several new
ideas and components were available for this type of control. Also, it was
considered that the technique of feel servo design was not yet backed by adequate
theory, so that test work was needed to be sure of obtaining a satisfactory de-

sign.
PURPOSE OF PHASE I

Phase I of the T-33 program was to include, therefore, an analysis and a
test program for the purpose of establishing a sound theory, verified by experi-
ment, by which to design the high performance servo systems required for instal-
lation in the airplane. This section presents the results of the servo work con-
ducted under Phase I.

C. SERVO REQUIREMENTS

At the outset of the program, it was realized in a general way that the con-
trol surface servos (as well as the information channels feeding the servos
proper) should have high dynamic performance and should, in addition, meet
certain requirements for resolution, accuracy, etc., It was also realized that
servos which would perform under load and still contribute negligible dynamic
lags were not practically attainable. Hence, realistic values of lag were as-
sumed in an analog computer study, and minimum acceptable performance
specifications established.

It was assumed for the analog study that an entire stability channel, in-
cluding the sensing instrumeﬁt, amplifiers or mixers, and the power servo,
could be represented as a second-order system. With such a control system
it was found that, with an undamped natural frequency of 7.5 cps and a damping

ratio of 0.70, the job of pre-calculating the proper corrections for servo lag
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was fairly simple. It was also believed that response of this rapidity would give
the pilot the impression that his stick motions were being faithfully followed by
the servo-operated control surfaces. The lags attending this specified perform-
ance were to be apportioned among the sensing instrument, the signal channel,
and the power servo. so the initial goal for servos was taken to be a ten-cycle
natural frequency or better.

Performance requirements of the feel servos were based on experience
which said that a system with five-cycle natural fref:luency and 100% critical
damping would ''feel right'' to a human operator,

Static requirements were also considered. For the control-surface servos,
probably resolution is of prime importance followed by short-term drift, static
stiffness, maximum velocity, and limitation of maximum force output. The lat-
ter requirement is tied in with detail design features and is only mentioned here

since it must eventually be incorporated.

D. INSTALLATION PROBLEMS
NATURE OF THE T-33 INSTALLATION

The ideal installation of a flight control servo system has the servoactuator
as close as possible to the surface which it is controlling. This permits motion
of the servo to be transmitted directly to the flight control surface with no lost
motion in transmission. At the same time, control surface inertia and aerody-
namic loads would be transmitted directly to the servo without modification by
any intervening springs. So, provided the servoloop itself has the required
performance, the system will yield the best possible performance from the
servo to the flight control surface. An installation of this type is generally
possible,and is usually accomplished on a new airplane design. However,
where an airplane is being modified, as in the case of the T-33, it is often
necessary to locate a servo at some distance from the flight control surface.
The connection between the surface and the servo is usually accomplished by
push-pull rods, or in some cases, by relatively compliant control cables, with
the result that high performance is difficult to obtain.

A layout design study has been undertaken to see where servos could be

readily located in the T-33 airplane. The results of this study indicate that
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there are two possible locations for the aileron servos. The ship's aileron
control layout consists of a hydraulic booster unit, located in the fuselage,
driving the ailerons through control cables. The cockpit control stick connects
to the booster through push rods and torque tubes. In one design layout the
aileron flight control servo was located very close to the ship's boost unit, but
this makes it necessary to transmit motion to the ailerons through the existing
cables in the wing, The compliance of the cables and the inertia of the aileron
control surfaces has been found to produce an undamped natural frequency of
22 cps when the aileron is vibrated with the center point of the cables fixed to
the fuselage. With this information it is possible to predict the nature of the
transmission of motion from the servo at the center of the wing to the aileron.
It was realized that this compliance would have an effect on both the static per-
formance and on the dynamic performance of the installation, and accordingly
another design study was undertaken to see if a servo could be located directly
at the aileron in each wing. Several designs were considered with the servo
located both within and outside the cross section of the wing. The external
installation, with a rather large fairing, was undesirable from an aerodynamic
standpoint, so an internal arrangement was worked out with no bulges in the
wing contour. For this installation, however, one cell of each wing fuel tank
had to be removed to make room for the servoactuator and its valves, with a
resultant total loss of about 16 gallons of fuel. The choice between the two
installations will have to be made on the basgis of lost fuel in one case, which
results in lost endurance for test flights, and in lost static and dynamic per-
formance for the servo located in the center of the fuselage. The latter instal-
lation is probably easier to make physically,

The elevator control system is a push-pull rod installation from the eleva-
tor to the cockpit. The load path of the push rod is fairly straight from the
elevator horn to the front end of the engine plenum chamber, at which point a
right angle bell-crank transfers fore and aft push rod motion from the top of
the fuselage down to a level below the floor of the cockpit. It was found possible
to locate a servo at this right angle bell-crank and it is believed that the push
rod will introduce relatively little compliance between the servo and the elevator,

Stiffening of the bulkhead used as a mount for the servo and bell-crank may be
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required. There is ample room in the engine plenum chamber and the instal-
lation should be simple mechanically.

The T-33 rudder is controlled by cables running from the cockpit to the
rudder horns., The afterpart of the T-33 fuselage is very slim and there is
little room around the tail fairing in the area where the rudder cables run for-
ward. Without modification of the fuselage structure, it appears that the only
volume of any size available for mounting a rudder control surface servo is in
the engine plenum chamber near the location chosen for the elevator servo.

In spite of the resulting cable flexibility and the consequent loss in static and
dynamic performance, it is believed that this is the most practical location
for the rudder servo and that performance can be made satisfactory, possibly
by use of larger cables. Calculations of the natural frequency of the rudder
restrained by two cables of the required length and a diameter now in use

show a 24 cps natural frequency.

SERVO LOADS

To analyze the performance of a flight control servo, it is necessary to
know the aerodynamic load acting on the control surface, the moment of in-
ertia of the control surface, and the nature of the connection between the
control surface and the servo itself. In addition to this, of course, the
dynamic performance of each element in the servoloop must be know. Moments
of inertia of the surfaces and gear which will move with them have been esti- |

mated from structural data and are tabulated on the following page.
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FLIGHT CONTROL ITEM MOMENT OF INERTIA®
LB~ INZ
AILEROK SURFACE AND COUNTERWEIGHTS (OKE AILERON) 832
PILOT'S CONTROL STICK (é OF ONE STICK) 690
TOTA L 1522
ELEVATOR SURFACE AND COUNTERWEIGHTS (BOTH SEDES) 616
PILOT'S CONTROL STICK (ONE STICK) 210
TOTAL 826
RUDDER SURFACE AND COUNTERWEIGHTS 378
PILOT'S PEDALS (ONE SET) 216
TOTAL 594

* . , ,
Moments of Inertia referred to respective surface hinge axes

Woments of Inertia of T-33 Flight Controls

The ailerons are believed to be most critical to cable stretch and the
aileron cable compliance has been estimated from the aileron natural frequency
and the moment of inertia of the control surfaces,

For the purpose of analyzing servo performance, it has been assumed that
the aerodynamic flight loads on a control surface behave like a spring and a
small amount of damping. The spring constant is the basic aerodynamic load
and is obtained easily from flight test data or from static wind tunnel data.

The ratio of the damping component of the load to the spring component is taken
from flutter data. A method for estimating the aerodynamic damping is given

in the following section.
AERODYNAMIC LOADS

As a basis for estimating the maximum loads which the T-33 control sur-
face servos should handle, it was decided to use the hinge moments which
correspond to certain cockpit loads which are within the strength capabilities
of the human pilot. For the power boosted aileron system, the hinge moment

included the normal increment supplied by the hydraulic boost servo., ¥or the
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elevator, no boost action was assumed from the tab. The following tabulation

lists the limit hinge moments and pilot applied loads.

CONTROL SURFACE LIMIT HINGE MOMENT STICK OR PEDAL FORCE
(IN-LB) (LB)
AILERONS 7200 (EACH) 100 LB SIDE LOAD TOTAL

(1000 PSI IN BQOST CYLIKDER)
ELEVATOR 2625 200 1.8 PULL {OR PUSH)

RUDDER 2480 300 LB PUSH

Limit Hinge Moments for T-33 Control! Surface Servos

Surface deflections resulting from the limit hinge moments were calculated
for the flight condition M =0.80, A = 5000 ft. and g =790 1b/ft?. From
these deflections and moments the aerodynamic spring rates were taken and

tabulated below.

CONTROL SURFACE MAX. HINGE MOMENT MAX. DEFLECTION MAX. RATE
{IN-LB) (DEG) (IN~LB/DEG)
AILERON (ONE) 7200 4.8 1500
ELEVATOR 2625 4.66 563
RUDDER 2480 3.84 645

Max imum Aerodynamic Spring Rates

From these figures, it is evident that the aileron system is by far the most

heavily loaded control in the airplane.
SERVO PROBLEMS CAUSED BY INSTALLATION

The installation design study has shown that the aileron servo installation
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will probably be critical from the performance point of view. The ailerons
must handle large aerodynamic loads and it may also be necessary to drive
them through flexible cables. In addition, the rolling performance of an air-
plane is important to the pilot. The Phase I Analysis and Test Program was
therefore set up to investigate the particular problem of the aileron servo. In
the case of the fuselage-mounted aileron servo, the principal problem is likely
to be the resonant effect of the aileron inertia and the flexibility of the control
cables. For the wing-mounted servos, two problems may possibly arise.
First, the aerodynamic and inertia loads of the control surface are felt directly
by the servo without the softening effect of a spring connection between them.
Thus, more characteristics of the load will be reflected into the internal loop
of the servo. On the other hand, if servoloop performance is satisfactory,
motion of the actual ailerons will also be satisfactory. The second problem
with the wing-mounted servos is that two servo systems must be operated in
parallel, with no means for load equalization except stretch of interconnecting
cables. One complete servoloop will be required for each control surface and
since the ailerons are physically connected through their cable systems, it will
sometimes be necessary for the servos to work against each other if they are
not in exact synchronism. This opposing component of servo motion will act
as an additional load on each of the servos and this effect must be considered
in the servoanalysis. The theoretical method for handling these loads will be
described under Analysis of Servo Performance and the description of the servo

test rig will show how the loads are sirmulated physically.
E. ANALYSIS OF POSITION SERVO PERFORMANCE UNDER LOAD

The block diagram of a position servo is given in Figure 44 wherein the
important system variables are defined. The output of the servo is the control-

surface position, o whether it be the rudder, the aileron, or the elevator.

c
The servo itself supplies the power amplification required to position the output
in response to the stability input commands. These commands are in the form
of electrical signals which provide very little power. Within the servoloop, the
electrical signals control a servovalve which regulates hydraulic {luid flow to a

servopiston. The servopiston drives the control surface through an intermedi-
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ate mechanical linkage and the position of the servopiston is sensed for feed-
back purposes by a transducer which furnishes electrical signals to the servo-
loop.

To predict the servo performance relating servo input signals to the con-
trol surface position, it is first necessary to solve for the closed-loop respense
from the input to the servopiston position, and then to multiply by the transfer
function of the mechanical transmission system in series with the loop. Actual-
ly, the hydromechanical system, the mechanical transmission system, and the
external air loads must be treated simultaneously since the loading impedance
of the following block has a distinct effect on the preceding block. However,
by recognizing that these loading effects of one component on another are
present, it is possible to write component performance equations including the
load impedances. It is then possible to evaluate the impedances for different
parts of the system and see how various loads, inertias, and springs contribute
to block performance and finally to system performance. Dynamics of the air

loading are taken first,
CONTROL SURFACE LOADING

Fairly accurate information is available on all parameters of the servo sys-
tem except the aerodynamic loading of the control surface. Considerable effort
has been expended on the theory and the measurement of aerodynamic hinge
moments in conjunction with flutter investigations, and data presented by Smilg
and Wasserman (Reference 9) were used to estimate the dynamic air-loading
of the servo-controlled surfaces, Smilg and Wasserman develop an expression
for the aerodynamic torque about a control-surface hinge line based on the two-
dimensional flutter theory of Theodorsen. This flutter theory neglects com-
pressibility effects but has been found substantially unchanged to M =0, 5.

The following expression for the aerodynamic torque per unit span about the
leading edge of a control surface due to control surface deflection has been

taken from Reference 10 for the case of no tab motion and zero overhang of the

control surface ahead of the hinge line.

€, | *
Te =7p(=2) w27, (132)
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where
7;5 = torque about control-surface leading edge per

length of span (ft-1b/ft)

air density (slug/ft3)

o

3
3
4

chord of wing section including control surface
and tab {ft)

W= 212'f= oscillation frequency of control surface w in

rad/sec; F in cps

|

control-surface angular deflection (radians)

%
Td' = aerodynamic moment coefficient due to control-

surface oscillations (non-dimensional)

The moment coefficient 7;« has been tabulated as a function of reduced fre-
quency by Smilg and Wasserman for wings of constant chord but of various
control-surface chord to total chord ratics. The term reduced-frequency is

one familiar to flutter theorists and can be expressed in serveral ways:

@<y, f Cw
where
@y pp = reduced frequency (non~dimensional)
7 = — {requency with which the wing traverses its
W  chord length (sec‘l)
2V
A= —a—)—- wavelength of the oscillation in space (ft)

An estimation of the control-surface, aerodynamic loading for use in the

servo analysis was obtained from these data by a series of manipulations. The
conventional non-dimensional, hinge moment coefficient, C;, » is expressed
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as.

(134)

where

\{
n

total hinge moment (ft. 1b)

S

control-surface area aft of hinge line (ftz)

7
g = -2——/)1/2 = dynamic pressure (lb/ftz)

V =  true velocity (ft/sec)
’CS = control-surface chord aft of hinge line (ft}

Substituting equation (132) in equation (134) and using bs as the control-
surface span-length in feet, we have

PRY
71/0/-5-'14/ w=d, T, b,

C (135)
h 5q-t:5
or
dCh 3 /Q)ﬂwjz(cw =
oq, ~ e zy 24:5/ (136)

which expresses the hinge-moment coefficient per unit angular deflection as a

@<
function of the torque coefficient Td' ; the reduced frequency ( ZVW
T
and the ratio of chords ( 2;’ . The amplitude ratio and phase angle
5

of the dynamic response [g—gﬁ—) as a function of reduced frequency was
v

computed from equation (136) for various ratios of --—£‘~5—) from the
<
w
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tabulated values of 7, given in Reference 9, The results of these calcula-
tions, when normalized to a 1:1 amplitude ratio at the lowest oscillation fre-
quency appear as plotted in Figure 45.

The resemblance of these curves to those of a first-order system in the
region below & oy =1 prompted a comparison of the two. Consider the
first-order system composed of a rotational spring and damper as sketched

below

LLLLLLL LS

it

deflection torque (in. 1b)

T - f; restoring torque (in. 1b)
hd

angular deflection (radians)

L1

torsional spring (in. 1b/rad)

[==—t—2] b4

\A*s
A Fp

> & anon
n

in. 1b )

angular viscous damping (_radTBec

Simple First-Order Rotational System

From this sketch, the restoring torque as a function of position can be written

as;

£ : ‘
Z‘_/(w) ==ty ¢ jwb, )=-h,(1+jwT,) (137)

ba

where the time constant 7, equals in seconds. The non-dimensional

.
plot presented in Figure 46 may be drawn to represent the dynamics of equation

(137). Figures 45 and 46 have been drawn to the same scales so that direct
superposition of the plots is possible. When this is done it is apparent that the
first-order curves can be shifted in order to give close agreement to any
specific loading curve. The amplitude ratio of the two curves can generally be
matched within 5%, but the corresponding phase angle of the first-order system

does not correlate as closely, indicating that the surface loading is higher than
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first order. It was felt, however, that, considering the limited information
available on the dynamics of the surface loads and the number of assumptions
necessary for the derivation of the loading curves, the degree of correlation
more than justified the representation. Therefore, the aerodynamic surface
loads used for the servodynamics studies were assumed to be represented by
a simple spring-damper arrangement with a time constant selected for each
specified airspeed. The procedure for determining the first-order time con-
stant of the loading parameters for a specified flight condition is as follows.

From the geometry of the wing and control surface, the ratio C.s/(
w

may be determined (for a mid-span location). This ratio specifies one of the
family of loading curves and the non-dimensional axes of the first-order system

can be shifted to the position of optimum correlation. Then, at the point on the

&,
two matched frequency scales where T, = / and { > VW = X,
we can solve simultaneously for 7, , giving:
T
T, = /——"'— / 138
! ZVx (138)
: &,
The zero frequency aerodynamic load, ha can be cbtained
9ds lss

from steady state wind tunnel or flight test data, then the frequency dependent
damping load can be evaluated from the appropriate first-order time constant
as, ba. = T, ha, . For maximum servo loading, the flight condition of

maximum hinge -moment should be used.
SERVO L.OAD IMPEDANCE AND TRANSMISSION RATIO

Having determined a representation for the dynamic air loads, it is then
necessary to translate this effect to the servo. Two aspects of this problem

are significant: (1) the effective servo load impedance or the load the servo
tuall Fo -
actually sees ( /JP of Figure 44) and (2) the servo-to-surface

position transfer function; i, e., the transmission ratio ( dt‘/d- of
P
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Figure 44. A mechanical representation of the surface drive system

( A, G, (s) of Figure 44) can be drawn as sketched below, from which the

desired relationships are readily derived.

o = servopiston force (1b)

b + - . fo
b0 7 . . N
p = servopiston position (in.)
2 (fc = control surface position {in.)
#
A2
2,

v
%
’ : : .
COVZ:‘Z; —’\/\/\N‘—; = linkage stiffness {1lb/in.)
A SUR % = translational equivalent of air-
A 2 1 ——Il——f . i
g ¢ 4 load hinge moment {1b/in}
T
< T, = equivalent air damping, in the

. 1b
atr (in7 sec)
Cg= equivalent air damping, on the

ground (’717_1 ns)ec)

- b
717 control surface mass (

in/sec )

Translational Representation of Surface Drive Systen

From the equations of motion for the system of this sketch, the position

transmission ratio, 7 , is found to be:
T(s) = /f*rf-/(s) = /Z
) (22

where Z = (1@& + ST, )= impedance of the

(139)

aerodynamic load as seen by the control

surface (1b/in.)

#

n = = natural frequency of
e

transmission system (rad/sec)

and the load impedance seen by the servopiston Zp is:
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Zp(s)=/£/(5/= T(s}[Zd(s) + SZMC/ (140)

The transmission ratio may be determined from equation (139} from the
estimated air-load impedance Z, (s) (as discussed in the preceding
section), the linkage stiffness, 1&2 , and the natural frequency of the drive
system, &, . Both 762 and w,, can be measured from ground tests.
When the servo is operated on the ground, the air-load impedance very nearly
disappears (except for a slight damping load, 45, ) and the transmission
ratio is that of a lightly damped, second-order system. With or without air

loads, however, the transmission ratio is attenuated rapidly at high frequen-
H

cies, approaching the asymptote W—)—z The servo :0ad impedance
wﬁ

{from equation {140)) is the sum of the air load impedance and the control sur-
face mass as seen through the transmission ratio. At high frequencies, the
impedance as seen by the servopiston approaches that of the linkage stiffness,
’%_g , because the mass of the control surface tends to remain stationary.
Representative plots of the transmission ratio and the impedance functicn
are given in Figures 47 and 48, respectively. Included in these plots are
responses for both ground and air operation. The data from which these plots

were taken was compiled for a fuselage located aileron servo for the T-33.
SERVOLOOP DYNAMICS

The components of the position servoloop are specified in the block dia-
gram of Figure 44, By knowing the transfer function of each block of this
servoloop we may analyze the stability of the servo and estimate an equivalent
servo natural frequency and damping ratio for a specified loop gain.

The servoamplifier transfer function, K?_ G:, (S5) canbe approximated

by a first-order time constant, or

/eée/(s) = K,G,(5) = K, /7-;—::?;/ (141)

€
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For the general complexity of the position servoamplifier, experience indicates
that a representative time constant is Tz, = 0.003 seconds.

The flow-control servovalve has been represented as a single block in
Figure 44, relating fluid flow into the hydromechanical system as a function of
the current output of the servoamplifier. Actually the valve flow response is
not solely dependent on control current, but is a function of other variables,
primarily load pressure. To include valve dependence on load pressure, a
truer block diagram representation for the valve would be as sketched below R
where /(3 G;. (s) is the valve flow response to control current and

K., G? (5) 1is the change in flow due to differential pressure at the valve

output { 4 F in psi, F; in lb). Written mathematically:
dy(s) = K3 G, (5)[6(5)-/(,6',(5)/‘;(5) (142)

FLOW-CONTROL SERVO

VAL VE

/Y
— €' ] GURRENT -
RESPONSE

K, G, (5)

HYDRO-
%

od  MECHINICAL g O g
SYSTEM

|

|

| PRESSURE
} RESPONSE
|

K,G, (s)

Flow=Control Servovalive Block Diagram

Actually, the response of a four-way, flow-control valve with zero overlap tends
to be insensitive to load pressure in the region where the differential pressure

( AP ) is appreciably smaller than the supply pressure ( /—?‘5 }. This is clear-
ly seen from the valve response curves of Figure 49. If the maximum differen-
tial pressure is never greater than one-half the supply pressure, the flow-valve

pressure response can usually be neglected,
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Assuming, then, that the flow-valve response is given by K3 G:, (s)
we can assign equivalent dynamics to the response G3 (s5) on the basis of
manufacturer's test data. A second-order approximation for a typical valve
would have a natural frequency of 570 rad/sec (90 cps) and damping ratio 0.7.
Actually, in the servo frequency range (through 50 cps), a first-order approxi-
mation is sufficient and a typical time constant would be 7, = 0.004 seconds.
In our analysis, the valve transfer function relates an equivalent fluid displace~-
ment and force to the valve input, rather than the actual flow and pressure
variables. The valve transfer function A ; G, {s) , includes the integrating

action of the valve and the area of the servopiston, so has the form:

&) i K( 7
/—;}(s) = K G, () = 72 [~ ,‘_35/ (143)

P
where KWM is the valve static sensitivity in (ﬁ;{jf_@_c. }y and A 1is the servo-

piston area (in.z).

The remaining servoloop block with appreciable dynamics and, in fact, the
only element which allows the load influence to enter the servo loop, is the
hydromechanical system between the servovalve and the feedback point which,
in Figure 44, is the servopiston. If the hydraulic system (the oil and its con-
tainers) is infinitely stiff and no leakage occurs across the servopiston, the
valve will deliver a quantity of 0il in response to an electrical signal (valve
pressure dependence assumed negligible) and the feedback signal would be
directly proportional to the oil delivery. Stated more concisely, the performance
of the servo would not be influenced by the load. However, because of hydraulic
system compliance (and leakage, if present), the servopiston motion is not in
exact correspondence with oil delivery from the valve, and the deficiency is a
function of the load at the servopiston. Therefore, in order to analyze the
servoloop performance, it is necessary to know the response of the servopiston
position to oil delivered by the valve. A schematic representation of this sys-

tem is given on the following page.
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Z, 'CP
d;, = equivalent fluid displacement from servovalve (in.}
tfy = equivalent fluid displacement into servopiston (in.)
C&, = servopiston position (in.)
f; = hydraulic pressure at servovalve (lb)
/; = servopiston force (1b)
7@5 = effect of hydraulic compressibility -(lb/ in.)
T, = effect of servomotor leakage (_mlsie?)
€, = equivalent damping at servovalve.(.i.r.nls_be.a.)
Cf = equivalent damping at servopiston, ( i_x'ﬂl_s]eé?)

Representation of Servoloop Hydromechanical System

The elements of this sketch represent corresponding hydraulic effects: i.e,,
hydraulic compressibility (in3/psi) is represented by a stiffness, 7‘5:‘5 {1b/in. %

oil damping (- 3Si ) by dampers, ¢, and Tp 1b
8

); and servomotor
in?/sec in/sec '
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in3 . 1b
leakage (E‘I%is;e_ﬁ,) by a series damper, A€ ( in/sec

In this system the transfer function of interest is:

A ) 1 )
/?:_)(3) LT+ (Zpt 55 Yk, ’/scs)/' KaCa ()

where Zp is the servo load impedance as defined by equation (140), If the

servomotor leakage is negligible, T, —* ©0 and equation (144) be-

comes:

/—fﬁ)fé):/ Z / / (145)
d, 7+ ,o/’,@s + 5T, ,

where 7 is a hydraulic time constant, T, = Cp/‘ks . Now, if the load

impedance is small with respect to the fluid compressibility, the response of
equation (145) reduces to the first-order effect of the hydraulic time constant.
Evidently, then, the equivalent compliance of the fluld compressibility reflects
the dynamics of the external servoload,

An expression for the hydraulic compliance has been developed for a

double-acting servopiston (see Reference 10) and is:

4LBA
£, = % ( 1b/in) (146)

Pmax

bulk modulus of fluid (1b/in. 2)

servopiston area (in2)

where B
A
d.pm“ = servopiston stroke {in)

4

H

volumetric design efficiency (ratio of stroked
volume to total fluid volume)

Other compressibility effects such as " O " ring compliance and mechanical
stiffness between the servopiston and the feedback transducer should also be

included in the compressibility factor és
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The oil damping faciors £, and T, are lumped equivalents of oil
turbulence and distributed viscous drag. With the flow-control servovalve
(when the valve pressure response is neglected) only the da.mping which has
been assumed to act at the servomotor enters the expression for the loop
dynamics. This effect has been evaluated in the past by curve-fitting tech-
niques. In general, the physical design of the hydraulic circuit and the servo-
motor is made to reduce hydraulic damping (and the hydraulic time constant)
by minimizing the complexity of the physical layout.

Servoloop feedback is obtained by sensing the servopiston position in the
block diagram of Figure 44. The loss in the position transmission from the
servopiston to the control surface could be reduced by sensing control-surface
position for feedback. However, the disadvantage of this method is that more
compliance is included in the servoloop and the servoloop transfer function

K4 6'4 (5) would reflect more of the external load and servo stability would
be greatly impaired. For ground operation and with sufficient compliance with-
in the servoloop, the reflected load may introduce upwards of 180 degrees phase
lag within the servoloop near the frequency @/, .
The servoloop gain required to achieve a finite servo resolution can be

determined from an expression given in Reference 10:

ed,

- maXx -
KV = —7'"— (SC’C J {147)
Pe
- -7
K, = K,KyK, K, = Servoloop Gain (sec™)
where: € = servovalve fractional resolution (non-dimensional
ratio of threshold response to maximum response)
¢, = maximum servopiston rate (in/sec)
Pmax
0;, = minimum servopiston displacement which servo will
3

resolve (in.}

So the required servoloop gain may be determined by the specifications for the

system rate of response. The other requirements for servoloop gain are
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dictated by specifications for over-all servo performance. These performance
specifications include an equivalent natural frequency and damping ratio for
the entire servoloop. It is recognized that the servoloop is much higher order
than second, so these requirements are usually interpreted as: (1) the equiva-
lent natural frequency is that frequency for which the over-all phase shift is
90° lagging and (2) the maximum amplitude ratio of the over-all servoloop

response is:

!
AR = ijff'T {148)

where € is the equivalent damping ratio, (This formula applies to the case
g < 0.7).

SERVOLOOP STABILITY

The position servoloop response can be written directly from the block

diagram of Figure 44 as:

/ d’;'/(s) _ H, Gys) Ky Gyes) K, Gurs)
€, 1+ K,G, (s) Ky G (SIK, G (5) Ky GJ.(S)}

/ /
- }_(:, / (149)
+ G.(s)
K, G (5)Gy(5) G rs)  °
where KV is the loop gain
K, = KK, K, Ky (sec™) (150)

For the servo with only proportional feedback, G\} (5= 71 and equation
(149) is of convenient form for solution by the inverse Nyquist plot. Reference
10 explains the technique of preparing an inverse plot from an accumulation of
openloop dynamics data and tells how the servoloop stability may be predicted

for any specific loop gain. The product of the servoloop dynamics,
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Gz (5) Gj (s) G; (s2 |, will be a high-order expression in § and can
be evaluated from equations (141), (143), and (144). So equation (149) will have
the form:

[f’.('i./(s)_-_/ d . (151)
e,/ A, . 2Tt ,S + 2353+ ——~
Ky

Once the loop gain is established, an equivalent second-order natural frequency
and damping ratio may be established for the entire servo directly from the
inverse plot.

To improve servo performance, it may be necessary to increase the loop
gain; but this increases the natural frequency of the servo (which is deter-
mined by the reciprocals of the coefficients of the even-powered S terms) and
decreases its damping (determined by the coefficients of the odd- powered S
terms). The equivalent loop damping may be increased by the addition of rate

feedback which changes the nature of the feedback dynamics as:

Gots) =(1+ T_5) (152)

where 75 is the rate-feedback time constant.

Then equation (151) will become

/_a)() : Ké_/ (d v r}“dz : (153)

K, ° 7.

and the damping introduced by the S term is increased by the addition of rate
feedback. This method of servocompensation can be analyzed graphically with

the inverse plot as is described in Reference 10,

SUMMARY OF THE EFFECTS OF SYSTEM CONSTANTS ON SERVO
PERFORMANCE

Figure 47 shows a plot of the position transmission ratio for the T-33
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aileron system. This function relates the motion of the aileron to the motion
of the servopistion for the case of the fuselage-mounted servo which must
drive the ailerons through control cables. It can be seen that the amplitude of
the response peaks sharply at a resonant frequency determined by the inertia
of the control surface and the combined spring effect of the aerodynamic loads
and the cable stiffness. Two curves are shown: One for operation on the
ground with no aerodynamic loading and another for operating in flight with a
very high aerodynamic load. The effects of the aerodynamic load are to reduce
the over-all transmission ratio throughout the frequency range and to change
the frequency at which the response peaks. In both cases the amplitude of the
response falls off very rapidly after resonance and it can be seen that regard-
less of the performance of the servoloop itself, it will be very difficult to move
the aileron to any extent at frequencies above the peak values indicated in Fig-
ure 47. Surface inertia and the compliance in the transmission place an upper
limit on the frequency response of the complete servo installation, while cable
compliance, in relation to the airload spring constant, reduces the transmis-
sion ratio throughout the frequency range.

Figure 48 is of interest since it shows the load seen by the servopiston.
The plot shows the effect of aerodynamic loads and inertia loads to the extent
which they are transmitted through the cable compliance. Again,curves are
shown for operation on the ground with no aerodynamic loads and for operation
in high speed flight. For operation on the ground, the magnitude of the load
rises rapidly to a peak value at load resonance. At this frequency the phase
angle of the loading drops rapidly through a range of 150 degrees or more, and
above resonance the magnitude of the load approaches a constant value. The
phase angle of the load at high frequencies is substantially zero. For operation
with high air loads, it is seen that the impedance magnitude rises from one
constant level at low frequencies to a higher constant level at frequencies above
resonance. In the transition zone the magnitude first drops, then rises to a
resonant peak and settles back to the new level at the high frequency. The
corresponding phase angle curve starts at zero phase for low frequencies,
rises to a peak in the middle of the transition range and falls to zero again at

high frequencies. In general, both curves show a sharp peak in amplitude at
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or near the mechanical resonant frequency, while the corresponding phase
curves go through changes of roughly 180 degrees and 90 degrees.

It is somewhat more difficult to see the significance of the load impedance
curve than it was for the transmission ratio. However, equation {145), which
relates servopiston motion ( Cg; ) to the theoretical oil-delivery volume of the
servovalve, { Og ), shows that as the magnitude of ZP rises, the response
of 0;, to db will fall off. Phase angle changes in Zp will also cause phase
angle changes in the right-hand side of equation (145), especially if the term
(zp /"éo‘ ) is appreciable compared to unity. Thus, the effects of
mechanical resonance in the load tends to limit servoloop performance just as
the same resonance limited the transmission ratio from the servopiston to the
control surface. Equation (145) shows, however, that it is possible to minimize
servo loading effects by the proper choice of the value 7&5 in relation to Zf, '
and 765 is one factor more or less at the disposal of the servo designer.

If the effects of servo loadings can be successfully minimized, servoloop
performance is then determined by the dynamic response of the control valve,

the amplifier and other components in the servoloop.
F. ANALYSIS OF FEEL SERVO SYSTEM PERFORMANCE

The problem of creating artificial feel in the pilot's controls can be ap-
proached from two distinct standpoints, the most obvious being the use of a
force servo to introduce artificial stick forces computed from stick position and
aircraft response measurements., The alternate scheme consists of computing
a control input for a stick position servo from measurements of airplane dynam-
ics and the force in the pilot's stick. A block diagram for the latter case,
which would use a flow-control servovalve in a position servo, is given in Fig-
ure 50. The pressure response of the flow valve has been neglected in this
figure. Similarly, Figure 51 is a feel servo utilizing a pressure-control servo-
valve in a force servo. Since the physical system is identical for the two servos,
we may draw an equivalent representation, as in the sketch on the following page.
Many lesser dynamic effects have been omitted in this sketch; e.g., linkage and
servopiston inertia, oil turbulence, and static friction in the piston. Also,

angular motions have been replaced by translations.
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L
(+ Compression)

d;, = equivalent fluid displacement at servovalve (in.)
d; = servopiston position (in.)
d; = servo input position (in.)
wa= wheel position {in.)
f';,= servopiston force (1b)
£z servo input force (1b)
i
/;—v= wheel force (1b)
#,7  hydraulic stiffness (Ib/in.)
#,7 linkage stiffness (lb/in.)
74 g .
éc: column stiffness (lb/in.)
€,~ damping due to air and {riction l.____ll’.__)
in. /sec
1b
M.* mass of wheel {
i in. /sec? )

Representation of Feel Servo Physical System

The input to the position servo system is the force, /‘: » which exists in
the physical system between the servopistion, 0’;, » and the control force ap-
plied by the pilot at d.w . Since we are assuming all system mass concen-
trated at the wheel, the physical location of the pickup for F" along the column
and linkage is unimportant. In the analysis of this system, then, the position of
the base of the control column ( d; ) is irrelevant and we can assume that the

servopiston is connected to the wheel by a single spring, equal in stiffness to
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the combined series stiffness of the control column and linkage.
In the block diagram for the feel servo with the pressure-control valve
(Figure 51) the valve response to fluid flow has been included, indicating a

valve response as follows:

AP = AR - AR, = K, G, (s5)(, - K, G,(5)d, (154)

Equation (154} indicates a flow dependence of the pressure valve similar to the
pressure dependence of the flow-control valve, which was discussed previously
(equation {142)}). However, it has been demonstrated in previous servo develop-
ment work performed by Flight Research, that the pressure-control servovalve
is much more sensitive to flow than the flo;&- valve is to pressure,. Bench o
tests are being set up to obtain quantitative information on the effect. It has
been assumed in the physical diagram of this system that the position input to
the servo is sensed at the base of the column, with column flexibility present
between the position pickup and the wheel and linkage flexibility between the pick-
up and the servopiston,

Both block diagrams of Figures 50 and 51 include an inertia feedback from
the servo output to the input due to control wheel inertia, For convenience, the
terminology of this section applies to an elevator-control feel servo but all work
is equally applicable to the aileron and rudder feel servos. The feel servo test
rig will simulate the pilot's elevator controls and will have provisions for either

a force or a position servo.
FEEL SERVO SYSTEM RESPONSE EQUATIONS

 With the various output-input relationships defined in Figures 50 and 51 and
the physical parameters of the sketch above, the system response equations
may be written. In general, this entails writing the simultaneous equations of
motion of the mechanical system, then solving for the desired transfer functions.
The stick feel can be expressed by the dynamic force-position relationship

at the point of control application. These expressions are found to be:
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(a) for the flow-valve feel servo

K’// +
Fy . Olg
/"-—“"/(5) =m,s +C 5+ (155)
Jw ,+_/£'.S _’.._.. l —+ _..L_ )
A, £cg oL
where OLQ = gervo open-loop transfer function {non-dimensional)
OLg = K, G, (5) Ky Gys1K, G, (5) Ks = K UG, G G)s) (156)
K, = Openloop gain = K, KiK K (Sec-’) (157)
£, #
-é N S-S {158)
24 7@-2 + —,&c ( )

(b) for the pressure-valve feel servo

(. KK G, (5)
/K/* oL,
(?—(.5)-2715+'C 5+ 7 K!(G'(S) )
/K 7@ " oL, /»é Z,

(159)

where OL,o = gervo open-loop transfer function (non-dimensional)
OL, = K,G,(5)K,G,(s)K K, =K, (G,Gs)(s) (160)
KO = Open loop gain = K2 K3 K, K, (non-dimensional) (161}

In both equations (155} and (159) the first two terms express the normal inertia
and damping forces required at the stick, while the large expression is the
apparent spring effect of the servo. If the loop gain is high so that

//0/. <¢ ! , and if the column and linkage stiffness is considerably stiffer
than the serve, the servo contributed term reduces to KJ’//(’ (lb/in. ),

the equivalent servo spring rate.
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FEEL SERVO STABILITY

The force-position relationships just presented show no obvious tendency
towards instability. The physical feedback path due to the inertia reaction of
the wheel can cause instability, however, when operating with high servo stiff-
ness. Consider this problem with the flow.valve servo. Referring to the
sketch below, it is seen that the force input to the servo is due to external
forces applied at the wheel ( /':-w ) and to servopiston forces applied to the

bottom of the stick { /:;/0 ). In other words, physical feedback exists as

L L

servopiston acceleration, d’; , causes a force,f';-p which appears at the servo
input.
INPUT.
£ £ E servo | of | wyoro- oA
wol ey iw i | rRans- ) fad
—» DUCER VALVE T ¥ MECH. [
SYSTEM A, K, G, (s) K, G, (s)
€
£ 2 K,G,t3)
ip
POSITION SERVO
FEEDBACK TRANSDUCER | o\ _ LooP
Ks
MECHAN! CAL MECH. | o
FEEDBACK SYSTEM
{ INERTIA)

Wechanical Feedback With Flow-Valve Feel Servo

The system of this sketch will be unstable if the denominator of the expression
for the response ( d;u/ F'w ) is zero. Solving for this response and

¢
then equating the denominator to zero gives the following equation as the sta-

bility criterion for the flow-valve system.

S s |%
AL _._{_//hi /+2:’/C‘Z}+(w”’) =0 (162)
Killl %eeff  Oteff e )2 )/
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2, < c,
where &), = < éa R ot
& 7 72 ]‘ mw '&:e

w

(163)

Similarly, a stability analysis of the feel servo with a pressure-control servo-
valve yields a stability equation as follows (where the pressure-valve flow dy~

namics have been neglected for simplicity):

T e AT

-;é 7 Tw
h — < = 165
where “r, m,, g;- 2Ym,, #, (163)

The dynamic portion of these stability equations may be solved and the re-
sult presented as a frequency locus on a polar plot in which the scale represents

a steady-state stiffness ratio. With the flow-valve system it is the ratio of

the column and linkage in series to the equivalent servo stiffness, or

éce/Ks. '
- . For the pressure-valve system, the stiffness ratio would be

(é K . On either plot, the scale value at which the locus crosses the

negative real axis is, then, the stiffness ratio which would result in absolute
instability, and as this value of stiffness ratio is approached, the system would
be highly resonant.

An important difference in the two stability equations is the steady-state
stiffness ratio, For the position servo the total stiffness between the control
wheel and the servopiston is apparently important while with the force servo,
the stiffness between the servopiston and the position pickup does not enter the
stability equation. Consequently, if the position pickup is attached to the bottom
of the control column, the detrimental effect of the linkage flexibility coupling

the column to the servopiston is excluded from the system.
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Another difference between the stability criterions appears in the terms

associated with electrical servoloop dynamics. For the flow-valve servo this

term is ( 7+ I/OZQ } which is phase lead in nature, while with the pressure~

/
valve servo, the term is (7 . 1/0[. ) which would introduce phase lag.
F4

The pressure-control feel servo could be made to work open loop; that is with-
out force feedback, K? - Open-loop operation is satisfactory with the pres-
sure valve as this valve utilizes internal feedback, so operates as a self

stabilizing device. For open-loop operation, the servoloop expression becomes
{with K, = 0):

Kol 1
A, //hl/m /’ Ke (Ko G50 Ky Gs()Ky) (124, ) wes)
P

G. SERVO DESIGN PROBLEMS

The preceding sections have presented the theoretical analysis of a position
servo and a feel servo and the analyses have shown the relative importance of
many of the parameters involved in the performance relations, This section
will show the relationships between the system constants appearing in the anal-

yses and the physical elements with which the designer must actually work.

RELATION BETWEEN PHYSICAL DESIGN AND PERFORMANCE
PARAMETERS

The servo designer has control of some of the constants which appear in
the servo performance equations but obviously does not have control of all of
them. The magnitude of the airloads, for example, is entirely fixed by the
airplane, its size and the speed at which it is going to fly. Similarly, the
moment of inertia of the control surface and the flexibility of the mechanical
system between the surface and the servo are fixed quantities once the loca-
tion of the servo has been selected. The hydraulic servovalve is generally pur-
chased and there is an upper limit on the dynamic performance available in such

valves, Electrical components, such as feedback transducers and signal ampli-
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fiers, are usually not critical froem a dynamiec performance standpoint and con-
ventional designs are usually satisfactory. The designer does, however, have
some freedom in his selection of gear ratios between the servo and the control
surface, the hydraulic pressure which he will use and the size of the piston are:
he will employ. It will be the purpose of this section to show how the choice of
these parameters affects the constants of the hydromechanical system.

Equation (145) shows that the ratio of i—zp to ’és is a good measure of the
extent to which the external load affects the servo performance. Let us examint
this ratio and see how it relates to the actual design of a flight control servo.

The sketch below shows a servo with internal compliance connected by a
rigid linkage to a bell-crank which operates an aerodynamic control surface.
Forces, motions, dimensions, and other quantities are identified and defined in
the sketch. '

@h) | A

éS

fo

(+ 1S COMPRESSION) } of's.

servopiston area, in, 2

differential pressure, 1b/in2

servopiston position, in.

control surface posgition, radians

bell-crank radius, in.

= gum of air torque and inertia torque acting

>
(AE TSR 5>

about hinge, in.lb

ch
"

load acting on servopiston, lb

A

hydraulic stiffness, lb/in.

Servo Driven Flight Control Surface
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We will define the impedance as seen by the servo as:

Z e 67)
= 2 (167
but g 5‘”
' M
L= 7_’ (168)
and
4 = rd, (169)

B

where (M’/ds ) is the actual impedance at the control surface hinge caused

by air loads and inertia loads. Equation (146) shows that fluid compressibility
can be expressed in terms of the bulk modulus of the oil, piston area, piston
stroke and an efficiency coefficient. Now, it is cuétomary to make the servo-

piston stroke long enough to obtain full control surface deflection.

Fomorx™ "% (171)
and substituting into equation (146)
4 5A
R, = — P (172)
r s
max

and finally

() )

Thus, if the product of the piston area and the bell-crank radius is made large,
the loading effect for any set of air and inertia loads and surface deflection
range may be made small, Physically, this means using a large servo operat-
ing with low hydraulic pressures to balance out the control surface loads.

Under the discussion of servovalve performance it was shown that the
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maximum working differential pressure in the servocylinder should be no
greater than about 70% of system pressure, @ , to avoid valve loading

effects. It is easily shown that:

M - 48, (Ar) (174)

Smax

and if,
4P, =(P.R)F (175)

where (P. /Q) is the working pressure ratio for the valve

(PR.) =££ﬂ"—f‘ - ZFMQ/AL) 176)

Thus, not only must the ( Ar ) product be chosen large enough to minimize

then,

system loading effects (equation (173)), but also sufficiently large to minimize
valve loading effects (equation (176)).

The upper limit on { Ar ) is determined by physical size of units and by the
maximum flow rate which can be handled by the valve and its supply, since

@pax = (AT)

ok (177)

The limit of servo resolution due to the threshold sensitivity of the valve
depends on the following: threshold level of the valve expressed as a fraction
of the maximum rated input, servoloop gain, and the maximum surface angular

velocity, expressed as

= Smax 8
d;e € — (178)
v
where
. = 1imit of resolution at control surface, deg.
S¢
€ = fractional valve resolution, non-dimensional
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Q;m“. “max. rate of surface travel, deg/sec

K, = servoloop gain, sec-l

Equation (178) is derived from equation {147) on the preceding page, but is
included to show that the resolution due to valve threshold response cannot be
altered by adjusting ( Ap ) a8 long as other quantities in equation (178) are
kept unchanged.

DESIGN VALUES FOR POSITION SERVOS

The T-33 hydraulic system normally operates at 1000 psi. It was decided
to use the same system pressure for the servo installations, and probably con-
nect with the ship's system even though additional pumping and accumulator
capacity would be required, It also appears desirable to limit all servos to the
same maximum working pressure and use a single controlled reference pressure
for this purpose as will be described in a later section. Seven hundred psi was
chosen for the maximum working pressure in the surface control servos. Using
this working pressure, the loads and inertias presented above, and the relations
of equations (173), (176), and (177), some of the significant system characteris-
tics have been computed and are presented in tabular form in Table XV. For
comparison, the values for the F-86 non-linear rudder control servo are also
listed.

Columns 13 and 14 of this table were computed to show the relative loading
effects for the proposed T-33 control systems and for the F-86 servo which was

known to be limited by loading. Columns 13 and 14 represent components of the
(ZP/ﬁs ) ratio, not including the relieving effect of spring compliance be-

tween load and servo. The values are, nevertheless, indicative of the extent to
which loads will influence servo performance. Column 13 is the ratio of ajr-.
load spring rate to oil~compressibility spring rate {each referred to a common
point in the system; for example, linear motion at the servopiston) and shows

quantitatively how much steady air loads would reduce servopiston motion if not
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corrected by feedback. Viewed in another way it represents the feedback sig-
nal required to make up the deficiency in servo motion caused by the air load.
Column 14 shows the effect of load inertia in relation to oil compressibility and
is expressed as the period in geconds of the undamped oscillation of the control
gurface inertia and the restraining spring of oil compressibility. The absolute
values are not too significant but they are useful in showing the extent to which
the servos have been unloaded, compared with the F-86 servo. GColumns 16 and

17 show actual servo sizes.
DESIGN VALUES FOR FEEL SERVOS

The theory relating design parameters to performance for the pressure-
control type feel servos is not so well developed as for the control surface ser-
vos. It is believed, however, that the pressure type servovalves behave best
when flow loading is a minimum. Following this principle, the servopiston
areas and connecting linkages are adjusted so that full system hydraulic pres-
gsure will produce the maximum load specified at the control stick grip, rudder

pedal, or control. The sketch below defines the geometry of the feel servo in~-

stallations.
d,
_.l Wi‘— d, = pllot’s control deflection, in.
T
{ f,, = force applied by pilot, 1b
2 ||/
"ty 1.’, ;md-{2 = lever arms, in,

{.)
Q,

servopistion deflection, in.

o
-

Z

i

r—
-

Lo; —e— 47

pY

C)
>
tl

piston area, in. 2 ’

differential pressure across [
piston, 1b/in® '

Simplified Layout of Feel Servo

Elementary considerations of forces and moments show that

WADC TR 55-156, Part 1 178



™
)N
BN
Ao
©

w (179)
where
AN
S = 180
g, "7 | (180
or
/-
AR = YW
( ) AP (181)
Maximum flow rate into the servoactuator will be
Qax = (AR)J,, (182)

So,( AR ) should be as small as possible to minimize flow. On the other
hand, the maximum forces corresponding to system pressure must be high
enough so that the pilot will not inadvertently exceed the maximum force and
pProduce a large stick deflection which would call for a structurally dangerous
airplane maneuver. For this reason, the maximum forces specified in Table
XVI (which summarizes desigh values for the feel servos) are the same as the
usual limit loads used for control system design. One servoactuator is to be
used for the elevator feel servo for either a stick or a wheel type control.
Since the column supporting the wheel must be longer than the plain stick, the
maximum force due to maximum differential pressure is less for the wheel
type control. The same situation is present to a lesser extent for the aileron

control.
H. CONTROL SURFACE POSITION SERVO TESTS

A test rig was designed and built for the test program on the flight control
position servos. The theoretical analysis in Phase I of this program, and the
practical and theoretical experience of other programs demonstrated that two
extremely important aspects of installed servo system performance are servo
loading and flexibility in the transmission between servoactuator and flight con-
trol surface. The test rig was designed to provide both of these features in a
form that could easily be adjusted. The values of constants were selected to

simulate the aileron control system of the T-33,
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TEST RIG

Figure 52 shows the position-servo test rig set up to simulate a fuselage-
mounted serve, while Figure 53 shows the test rig for a wing-mounted servo.
The test rig provides a mounting for the servoactuator, the piston of which is
connected to a lever arm at one end of a torsion bar. This bar represents the
flexibility of a cable control circuit. The other end of the torsion bar connects
to a rocking beam which carries lead weights at its extremities to represent
the inertia of a control surface and its balance weights. The inertia bar is then
restrained by an additional torsion bar, clamped at its far end, representing
the aerodynamic restoring moments on the control surface. A hydrauli-c damper
is incorporated to simulate aerodynamic damping at the control surface. The
damper consists of a piston-cylinder arrangement which pumps oil in a closed
circuit through a restricted passage. This damping piston connects directly to
the inertia bar. System constants are varied by changing lever arms, substitut-
ing different torsion bars, changing weights, and by moving the fixed end of the
air load torsion bar. Ground operation is easily simulated by disconnecting
the air load spring and damper.

The hydraulic servoactuator was designed for flexibility in testing. A
photograph of the actuator and servovalve assembly with the position and rate
feedback transducers in place,is given in Figure 54,

The fixed servopiston area was selected for use with the aileron servo sys-
termn contemplated, and the maximum stroke was similarly determined. Volume
of 0il under compression is important to servo performance, so shorter stroke
lengths are simulated by collars clamped to the piston on either side of the head
to limit axial motion, and at the same time to eliminate unstroked oil volume.
Chambers were also provided in the actuator that could be opened up to include
additional oil volume. The servovalve was mounted directly on the actuator
body to eliminate flexible hydraulic lines, but to include these effects, connec-
tions were provided for adding flexible hose lines to either side of the servopis-
ton, The "O' ring groove in the piston head is formed by rings and spacers of
different dimensions, which permit variations of "O"-ring diametral squeeze,

and axial play.
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The servovalve used in the test program was a Moog flow-control valve,
conventional in every way except the design of the magnetic pole pieces and
flapper, which were isolated from oil. The purpose of the special design was
to prevent the accumulation of magnetic sludge from the oil in the air gap be-
tween the magnets and the flapper. Other valve installations had proved very
sensitive to magnetic sludging, believed to be caused by the presence of the
products of normal wear of ferrous parts in the hydraulic pumps and other
moving parts. The new valve design has given no trouble.

The electronic components of the servo and the recording provisions were
designed and built especially for the test setup. The servoamplifier was de-
signed to accept an AC carrier signal from the position feedback transmitter,
and DC signals from the input command and the velocity feedback generator.
Separate attenuators controlled the levels of amplifier gain, and velocity feed-
back gain. Additional descriptions of this equipment are included in another
section of this report.

Hydraulic power was supplied from a motor-driven variable volume pump.
The pump was operated at 1000 psi (as in the T-33 airplane system) and the
accumulator preload was adjusted to 500 psi to provide some smoothing of
pump pulses and to supply sudden heavy oil demands. In addition to the Pump
accumulator on the hydraulic supply, two smaller accumulators were located

near the servovalve, one in the pPressure line and one in the return line.
SYSTEMS SIMULATED

A study of the aerodynamic and inertia loads completed early in the analysis
phase showed that the aileron system was the most highly loaded control system
in the T-33 airplane. Later refinements revised these loads downward so that
the aileron loads are comparable with those on the rudder and elevator. The
magnitudes of the various loads are listed in an earlier part of this report,
Because of the high loads contemplated and the prospect of driving through
cables, it was anticipated that most servo troubles would be encountered in the
aileron system and it was decided to set up the test rig to represent the aileron
servo and its loads.

At the time when the test rig and the test servo were being designed, the
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most promising installation for the ajleron servo appeared to be in the wing.

The test servo was designed accordingly, and the test rig was set up to repre-
sent the loads imposed by a single aileron on its servo. When these designs
were well under way it was decided that a single servo mounted in the center

of the fuselage might be acceptable notwithstanding the cable compliance between
the servo and the aileron. It was desired to test this configuration on the rig
since the airplane installation offered many advantages. The rig was modified
to include the effects of cable stretch between the serve and aileron and an ar-
rangement worked out whereby the loads and the required piston area could be
represented to proper scale. With the test servo and the rig, therefore, it was
possible to simulate a single servo driving a single aileron directly and to simu-
late a fuselage-mounted servo driving one aileron (half-scale loads) or a fuselage-
mounted servo driving both ailerons.

The wing mounted servo system requires two separate, independent servos
driving the ailerons with a mechanical connection between them. When the two
input signals, or the loads, are the same, the ailerons will move in unison and
no loads will be required in the cable system. However, if the command signals
or the external loads are different, then one servo must work in part against the
other servo. No experience with this problem was available at Flight Research
and it was decided that this problem should be checked on the test rig. The
sketch on the following page shows two servos connected to the ailerons directly,
and the two ailerons connected by the cables, é«: . The motion of the center
point of the cables at the point where the booster operates is designated Jb .

Z  is the impedance of the cockpit control stick. Consider, for example, the

w

input signals, €, and €y - Any set of commands to the two servos can be
broken down into two parts; one, a symmetrical component which is identical
to each servo and, two, an anti-symmetrical part which is exactly opposite for

each servo. Thus:

0
N
-.‘_
"

€ s v (183)

e €s =~ €y (184)
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where

N
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where: 021_ P d'.‘tz. aileron position, left and right
db position of center point of connecting cables
ﬂ@c stiffness of one-half cable system
Zd , ng impedance of aileron and air loads, left and right
L
ZW impedance of cockpit control stick

Schematic Diagram of Individual,
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Since linearity and superposition are assumed to prevail, it can be reasoned
that if servo res'ponse to the symmetrical signals is adequate, and, of course,
stable, and if the response to anti-symmetrical signals is at least stable, the
resulting parallel operation of the servos should be satisfactory. The magni-
tude of the response to the unsymmetrical component of input signals is not
particularly important, Further consideration of the anti-symmetrical case
shows that there should be a motion node at 0:5 , the center point on the
interconnecting aileron cables; therefore, the servos respond individually as

if each were trying to move its aileron with the center point of the cables lock-
ed. The cables then form a very stiff restraining spring and it was possible to
simulate this spring on the test rig. The pilot's control does.not move in re-
sponse to anti-symmetrical signals, and hence, its inertia was deducted from
the aileron system during these tests. For symmetrical signals there is no
coupling between left and right systems, and each aileron carries half the stick
. Values of numeri-

impedance, Z  , as seen through the cable spring, #

w <
cal constants used in the test rig are tabulated in a later section.

TESTING PROCEDURE (POSITION SERVOQ)

A consolidated 16-channel oscillograph was used to record the test rig
variables associated with servo performance, Referring to the block diagram
of Figure 44, these were: (1) the position command signal, €, ; {2) current
in the servovalve coils, is i (3) servopiston position, d?; ; and (4) control-
surface position, ¢, . The servopiston position signal was obtainéd from the
output of the linear-motion differential-transformer used for servo feedback,
while control-surface position was measured by fixing a synchro to the aileron
rocker arm as indicated in the photograph of Figure 55 which shows the test
area. Signal attenuators were incorporated in each recording channel to pro-
vide an accurate means of adjusting the galvanometer trace deflections, and all
the recording channels were adjusted so that the channels and the galvanometers
had equal time lags, thus permitting a direct comparison of the recorded time
histories. In general, system response to step inputs was utilized for rapid,
qualitative testing while steady-state sinusoidal responses over the range from

2 to 30 cps were used for more complete analysis. Representative sinusoidal
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oscillograms taken with the test rig appear in Figure 56 and recordings of
step inputs are given in Figure 65. With the four variables itemized above,
it was possible to obtain the servo response ( ‘fﬂ/e, ), the over-all sys-
tem response ( dr/e’ ), the position transmission ( d“.:/d'p ) and
the response of the combined valve and hydromechanical system ( d}.-;/‘-e ).
From the latter response, the exact hydromechanical transfer function,

/(4 G; (w) , could be obtained by dividing out the valve dynamics which were
known from manufacturer's information,

The physical parameters of the test rig were calibrated prior to actual
testing so that accurate calculations could be made to predict the test rig re-
sponse from the servo theory. The torsional spring constants of the rods repre-
senting cable stiffness and air loads were determined by a series of static loads
imposed by applying various differential pressures to the servopiston. The
resonant frequencies of the masses on various combinations of the torsional
springs were measured by recording the highly underdamped oscillations of the
aileron mass following shock excitation. Three natural frequencies were
measured for each configuration of the test rig, these being the frequencies as-
sociated with:

(1) the aileron mass on the combined linkage and air springs, or

@, :.-“/ M (185)
’ m,

(2) the aileron mass on the air spring

@, - (186)

w, = (187)

Due to the inertia effect of the crank arms and connecting links of the test rig,
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the effective aileron mass varies somewhat in each of the above expressions.
Next, the damping in the test rig was calculated from the recordings by

measuring the logarithmic decrement of succeeding pezk amplitudes. This

inherent damping was, then, the test rig equivalent of the actuzal control-sur-

face damping during ground operation and would be written

£. = L __Se 188
ST TR (L88)

It was realized that Z_? for the test rig would be somewhat less than the
actual damping ratio encountered with the airplane servo system, since in the
airplane there would be appreciable aerodynamic damping due to motion of the
control surface., To represent the damping effect of heavy air loads, a by-
passed hydraulic piston was connected to the aileron load arm. The damping
force of this piston could be controlled by varying the viscosity of the oil which
filled the piston and by-pass line, but the damping force was non-linear with
piston rate of travel. The damping action of the piston was calibrated in a
separate series of tests in which the force and position of the piston rod were
recorded for various sinusoidal displacement frequencies and amplitudes.
Then, to represent the damping force analytically, empirical equations were
derived by curve fitting which express the damping force in terms of aileron
displacement and frequency. The radius arm of the damping piston was select-
ed so that with an aileron frequency-amplitude product of 50 inch-cycles/second
the required damping force would be obtained. With the by-passed piston con-
nected to the aileron load arm, the damping ratios associated with GJ,,’ and

wﬂz were calculated from the expressions that follow:

7 C
£ == = (189)
/ 2-/(’@6* 7@.::)”71:

Ca

/
V& 4
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A summary of the values of spring rates, natural frequencies, and damping
ratios measured for the test rig in each configuration is given in Table XVII.
To complete the calibration of the test rig, it was necessary to measure
the static gains of the servo components and compute the maximum servoloop
gain, K, . The maximum servoamplifier gain was measured directly in
terms of current in the valve coils per unit RMS signal voltage applied to the
EE

€e¢

= 0.72 Eﬁ . A plot of the servovalve static
55

mixer, KZ =

sensitivity was obtained from the valve manufacturer and, knowing the servo-

piston area ( 4 = 2.76 in.2}, the constant K; could be computed
4, K, 6.25

e - —

Kj: = 2.26 _i;xi/_s%c__

A T 276 .

£€ 55

For simulation of ground operation, the hydromechanical position transfer is

d
/(4 = ‘d.— = I . Next, the position feedback constant was measured by
o 55
& mv
actual displacement of the servopiston, giving K5 = (= = /3.0 —_—
Iplss L7

The product of these static gains is the maximum servoloop gain, so

K, =K, KK, K, = 179.5 sec™

J

and lower loop gains were obtained by adjusting the calibrated attenuator at

the servoamplifier input.
COMPARISON OF THEORY AND TEST RESULTS (POSITION SERVO)

A primary purpose of the test rig program was to verify the servo theory
which had been formulated to aid servo design and to predict servo performance,.
A direct method of verifying the theory was to calculate the system response for

a specific configuration of the test rig, then measure the actual response on the
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test rig and compare the calculated and measured responses. These calcula-
tions were performed for the test rig configuration representing a fuselage
servo operating with half-scale loads and a summary of this servoanalysis will
now be presented,

The method of solving for the over-all response of the aileron to a com-
mand signal is first to account for the servoloop dynamics, then solve for the
closed-loop servo response for a specific loop gain and, finally, compute the
aileron response from the servo response and the known physical parameters
of the aileron, the aileron loads, and the connecting linkages.

The dynamic response of the servoamplifier was measured by sinusoidal
tests, then these dynamics were approximated by a first-order time constant.
A plot of the measured and assumed amplifier dynamics ( 7, = 0.0032 seconds)
is given in Figure 57, Next, the servovalve dynamics were obtained from the
valve manufacturer for valve operation at 1000 psi. The only information avail-
able was the amplitude response and the frequency for which the phase lag in
flow output with respect to current input was 90 degrees. The valve response
is very similar to a typical overdamped, second-order response with a natural
frequency of about 75 cps. In the lower frequency region (to 30 cps) these dy-
namics can be approximated by a first-order lag with a turnover frequency of
29 cps { T; =0.0055 seconds). A plot of actual and assumed dynamics for the
servovalve appear in Figure 58. The remaining servoloop component with ap-
preciable dynamics is the hydromechanical system relating the servopiston
position to the equivalent displacement of fluid from the valve ( G, (w) ).
Equations have been derived which express G, () in terms of various
hydraulic effects and the servo load impedance (equations (144) and {145)).

But to evaluate G; (@) from these equations it is first necessary to
compute the load impedance function ZP . Expressions have been présented
in a previous section for the impedance function; however, these expressions
can be expanded in terms of the natural frequencies and damping ratios de~
fined by equations (185) through (190}, and in this form are more easily evalu~
ated from the physical constants measured on the test rig. These expressions

for the servo load impedance are:
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and

2, (jw)- _;_,,,/ (jw)= 2 (16/in)

7 2
A /-(“’ £ 2)f (w—/ 192)

where @ ?,
4 £
1@1 = _d:__:

2 (193)
Equations (181) and (192) were evaluated for the half-scale loads on the fuselage
servo and the results have been plotted in Figure 59.

The loads imposed on the servo are reflected inside the servoloop through
the characteristics of the hydraulic system and by the pressure response of the
servovalve. If the valve response is assumed independent of load pressure,
then equation (144) relating Gfp to 0"0 in terms of the servo load impedance
accounts for the change in servo dynamics with load. The servopiston used in
the test rig has a preloaded "O'-ring seal which reduces leakage across the
piston to negligible amounts, s0 we may use the simplified expression for

(ofp yd dy) given in equation (145). Rewriting equation {145)

Ay, 7
Fow-|—]
+J&JZ"4+Z’—
5

it is seen that the servo loads are reflected by the ratio { ZP/'A.S ). We can

compute és for the test rig servo from equation (146) as
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4 BA 40275102 76
4@5 = 7 7? = 7 4

pmax

x 0.95 =643 x 70° /s

The maximum reflected load will occur at the high resonant peak of Zf"g and
e Z . .

the ratio ( ;ﬂ‘/,@J ] at this peak will be

16,7 x 5270

= = 0,13
Z?CPS 643 x 703 7

=
Z,

which will be nearly 90 degrees leading. For other frequencies the servo load
impedance falls rapidly to values much below this peak, so throughout most of
the frequency range the reflected load is negligible. From the sinusoidal data
taken with the test rig, the response (dp/ &y ) was obtained, and from

this data it appeared the hydraulic time constant, 7, , was about 0,003

seconds. Using this value for 7, , the response (d'ﬁ/d‘ ) was calculated,
o
taking into effect the reflected load. Plots of measured and assumed dynamics

for the response (5{'0/0/'0) appear in Figure 60. Scatter of the measured phase
angle data is the result of inaccuracies in the recording techniques, largely
because it was not practical to measure flow from the valve directly.

Now, summarizing the calculated servoloop dynamics, we have

: / ma
= i T 195
K,G, (Jew) 072//+0,0032/'w/ (195)
' _ <.26 7 in/sec
Gy (o) === (+ 0.0055/@) o (196)
K,.G, (jw) = 7 o
294/ = ) =, in. /in. (197)
7 , —_r
+ 0.003 jw +643 T
K, = 73.5 mvlin. (198)
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The product of these terms can be evaluated and the result presented as an
inverse polar plot as given in Figure 61. It is seen from Figure 61 that the
difference in servo loads between ground and air operation causes little change
in the servoloop dynamics, due to the small reflected loads. The scale of the
inverse plot has the dimensions of loop gain, KV » and an operating point is
established on the inverse plot by setting the servoloop gain. A simple graphi-
cal manipulation then transforms the open-loop dynamics to the closed-loop
servo response. The closed-loop dynamics for a servoloop gain of 50 sec-1
were computed from Figure 61 and the result is plotted in Figure 62.

Actual servo response obtained from sinusoidal data has also been plotted in
Figure 62. The next step in evaluating the over-all system response is the
calculation of the position transmission ratio between the aileron and the servo-
piston for both ground and air operation., This transmission ratio may be re-
written in terms of the natural frequencies and damping ratios measured on

the test rig as:

de ) . 7
Toljw) = _f_/(/w)/ — / (199)
S vy ey cy

AV, / .
L) /o;Z(/GJ) /»@d //ﬁ/wf’/izj'f,/gg)/(zom

and when the constants for the fuselage servo operating at half-scale loads have

been substituted into equations (199) and (200), the responses plotted in Figure
63 result. Measured test data have been plotted in Figure 63 for comparison.

The over-all response of the aileron to an electrical command signal can
be calculated by combining the data of the servoloop response and transmission
ratio. The calculated and measured aileron responses during both ground and
air operation are presented in Figure 64.

The over-all response of the test rig simulating ground operation shows a
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high resonant peak near the natural frequency of the aileron inertia and the
linkage stiffness. This peak is the result of very low damping present in the
test rig ( -463 = 0.03) and with the actual airplane system operating on the
ground, the damping would be somewhat heavier (est. C’g: 0.1) due to friction
and aerodynamic damping due to motion of the control surfaces. With this
increased damping the resonant peak would be reduced to below 1.5.

The dynamic response of the aileron system in the frequency range to
15 cps can be controlled quite readily by adjusting the servoloop gain, as the
dynamics of the transmission ratio are not appreciable in this lower frequency
range. So, the frequency at which the over-all response has a phase lag of
90 degrees is determined largely by the servoloop gain. The effect of changes
in K, can be visualized from the open-loop plot 6f Figure 61. It can be seen
that as the loop gain is increased, the frequency for which there is 90 degrees
phase shift is also increased, but with loop gains much above 75 sec-l, a
resonance will develop in the servo response near 15 cps. This effect is
noticeable in the step response oscillograms taken with K, equal to 25, 50,
and 100 sec-l shown in Figure 65.

Another consequence of changes in loop gain is the change in system reso-
lution. The loop gain necessary to give the required servoloop resolution can

be computed from equation (147), which is

-

¢ d,
Ky - y Pmax (201)
Pe

The maximum servopiston rate of travel ( d,

% 1o ) is determined by the

capacity of the servovalve, and for the test rig is

- Omax <6

Pmax A ) 276

= 0.43 Nsec

With KV = 50 sec~)! and assuming the servovalve has a threshold response

of 1%, the servopiston resolution would be
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€ Boppax 007 x 943 .
0;6—7- = =5 = 0.0079 (»n,

¥

The actual resolution of the test rig servo with X, = 50 sec~l was measured

at 0.0038 inch which indicates the valve threshold response is closer to 2%,

POSITION SERVO TEST RESULTS WITH VARIOUS TEST RIG
CONFIGURATIONS

From studying the detailed comparison of the servo theory and the meas-
ured system performance just presented, it can be seen that actual system
behavior can be predicted quite satisfactorily from analytical expressions.
Having justified the validity of the servo theory it is then possible to synthe-
size servo systems with the assurance that the desired response characteris-
tics will be achieved. However, the process of synthesizing complete servo
systems is quite laborious and for this reason the test rig was made sufficient-
ly flexible so that a number of servo configurations could be investigated. For
each test configuration both step and sinusoidal responses were obtained along
with stability and resolution information.

The over-all response measured on the test rig for simulation of a fuse-
lage servo operating under full-scale loads is presented in Figure 66 for both
ground and air operation. The high resonant peak measured near 15 cps dur-
ing ground operation is the highly undamped inertia-spring combination repre-
senting the ailerons and drive cables Ce/,,g = 15.6 cps; 463 = 0.04}. Also,
the steady-state amplitude ratio for air operation shows the cable stretch when
the ailerons are restrained by heavy air loads. The servo response did not
deteriorate with the increased loading of these tests, as the servo has been
designed to be relatively insensitive to external loads.

Another phase of the aileron servo test-rig studies was the investigation
of the characteristics of a wing-mounted servo driving one aileron. A complete
program of testing was conducted for simulation of this servo and the measured
over-all response of the aileron in each test configuration is shown in Figure
67. By eliminating the cable drive, the response of the aileron approaches

that of the servopiston and is more easily controlled. The response of the
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servo to symmetrical loads (no interaction between the two aileron servos) is
free from resonances and the over-all phase shift is just that of the servoloop.
To investigate the possibility of instability due to interaction between the two
aileron servos, the coupling between the servos was duplicated on the test rig.
The servo response while operating with maximum coupling {(unsymmetrical
command signals) has been plotted in Figure 67 and it is seen that no stability

problems are present,
ADDITIONAL TESTS

Several additional tests, applicable to all position servos, were completed
with the test rig. One such test was the addition of rate feedback from the
servopiston to stabilize the servo for operation with high loop gains. Physical-
ly, rate feedback was obtained by fixing a translational rate generator to the
servopiston. The rate signal was used to modulate a suppressed barriéi-”\'a.rhich
was added to the position feedback signal at the mixer amplifier. An attenuator
was included in the rate feedback path so the feedback time constant, T
could be varied. Addition of the rate feedback from the servopiston provides
a direct method of increasing the damping of the servopiston. A series of step
oscillograms are given in Figure 68 which demonstrates the effectiveness of this
damping. The steps of Figure 68 were all taken with a servoloop gain of

K, =100 sec-l, but with increasing values of rate feedback.

Another electrical change which was tried was the use of a complex position
feedback signal from both the servopiston and the aileron. The two position sig-
nals were mixed in a crossover network which passed low frequency information
from the aileron and higher frequency informa.tioh from the servopiston. By
adjusting the crossover frequency to about 10 cps, the aileron position feedback
was only effective in the low frequency range where the effect of cable compli-
ance within the servoloop would not reflect the resonant frequency of the load.

A breadboard setup of the crossover circuitry was made and preliminary testing
was completed; however, there was insufficient time available to investigate all
aspects of the modification. If it is desirable to reduce the effect of cable

stretch in the position servos during flight operation, complex position feedback

appears to be a possible solution,
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A short test which was completed was a study of the effect of increased
hydraulic compliance between the valve and servopiston. Three feet of 3/8
inch flexible lines were teed to each passage between the valve and piston in
the valve manifold, then a series of stability tests were conducted on the servo
under various load configurations. All tests were successful which indicates
that the servovalve and actuating piston may be separated distances up to three

feet without introducing enough additional hydraulic compliance to be objection-
able.

HYDRAULIC PRESSURE LIMITING CIRCUITS

Some thought has been given to the problem of limiting the force output of
the hydraulic servos used for operating the flight control surfaces. It has been
shown,by theoretical considerations and supported by tests reported above, that
good dynamic servo performance can be obtained by unloading the servo, which
means that normal operation requires only a fraction of the maximum force
available from the hydraulic actuators. For reasons of safety, it then becomes
necessary to limit the maximum differential hydraulic pressure which can occur
across any of the servopistons to a fraction of the supply pressure. Another
- function which must be considered is the provision for by-passing the servo-
actuator completely when the servo system is not in action, so that manual con-
trol of the airplane is possible. This requirement is actually a limit approached
when the allowable differential pressure in the servoactuator is reduced to zero.

Several methods of providing these auxiliary hydraulic functions have been
used in the past and will be summarized here for possible use in the T-33, The
C-45 and the F-86 systems both use specially modified check valves to limit
differential servo pressures. The C-45 system used a specially modified,
solenoid by-pass valve while the F-86 system used a different, special by-pass
valve. A new hydraulic circuit, using standard components, has been devised
for performing the by-pass functions outlined above. Schematic diagrams of the
three pressure-limiting systems appear in Figure 69. Where the servo system
is critical to excess oil volume or flexible hose compliance, this new system
can probably be installed with the least added o0il volume and hose within the

servoloop. Tests have been run to check the pres sure-limiting action of the
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new hydraulic circuit and it was found that, within the flow capacity of the
check and relief valves, the setup will limit the differential pressure across
the servopiston to the pressure setting of the relief valve plus the preload
pressure of two check valves.

A sample oscillogram is given in Figure 70 to illustrate the action of the
circuit, For this test, the relief valve pressure was zero (valve removed) to
represent by-passed operation as required to move the control surface manual-
ly. In this case, a sinusoidal signal was fed into the servoloop, and since the
feedback did not cancel the input, the valve was sending full rated flow through
the servo and check valves, during much of the input cycle. With no signal to
the servovalve, manual motion of the aileron was possible, but the back-pres-
sure caused by the check valve springs was undesirable. Operation will also

be tried with check-valve springs removed.

|. FEEL SERVO TESTS

Two approaches to the feel servo design are discussed under the section
on theory. Both systems were considered at the outset of the program, but
one had to be selected for the tests included in Phase I. The choice was made
for the force type servo for the following reasons:

1. The analogy between the serve and the physical spring which it is
simulating is more clearly seen for the force type than for the position
type servo.

2. Theories of operation indicated better stability at higher gains for the
force type servo.

3. Theories for the position type servo were known to be incomplete since
they did not predict the instability observed in previous systems when
the simulated spring rate was made very low.

4, Auxiliary computing equipment for producing the desired feel and the
proper control-surface deflection signal was about the same for the
two types.

5. Open-loop operation of the force type servo seemed a good possibility.

It was decided to set up and test the force-type feel servo, but also to keep

the test rig and auxiliary equipment as flexible as possible so that a position-
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type servo could also be rigged up and tested should results pi'ove unfavorable

for the force servo,
FEEL SERVO TEST RIG

A feel servo test-rig simulating elevator control-motion was designed
for testing either a force or a position type servo. The servo stability prob-
lems with the elevator controls are most stringent as the full inertia effect
of the control wheel forms a load on the servo. The salient features of the
feel servo test-rig can be seen from the photo of Figure 71. In the photo,
the normal wheel-type control is in place; however, a stick-type control can
be duplicated by removing the wheel assembly. Also, a socket is provided
at the base of the control column in the test rig so that columns of various
stiffnesses may be used. The column is driven by the piston crank-arm through
a short torsion bar which duplicates flexibility between the servopiston and the
control column. Provisions have been made at the crank arm for mounting
servopistons suitable for either a force or a position type servo. Stick posi-
tion is measured by a synchro which is located at the base of the control
column. Stick force is sensed by strain gages which are oriented to measure
torsion in ._the- drive bar between the base of the column and the piston crank.
A Cadillac Gage Co., Model PC-2 pressure-control servovalve is used in the
force servo, and the hydraulic supply pressure to the servo is 1000 psi. To
protect the servo valve, both a micronic and a magnetic filter have been plumbed
into the supply line. A stationary member is located at the front of the test rig
to provide a foot rest and a pulley support for dead-weight calibration of stick
force.

The design parameters of the feel servo test-rig set up for a force servo

system are on the following page:
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NOMINAL STICK RADIUS TO WHEEL 21.2 N,

WHEEL WEIGHT 5 LB

EFFECTIVE INERT!A OF WHEEL AND COLUMN 3380 LB-INZ

COLUMN STIFFNESS -1 250 LB/INX. AT WHEEL
TORS1ONAL DRIVE STIFFNESS | 38.5 x 10% IN.LB/RAD

RESONANT FREQUENCY OF INERTIA ON COLUMN STIFFNESS | 113 RAD/SEC = 18 CPS

RESONANT FREQUENCY OF INERTIA ON STIFFNESS OF
COLUMN AND DRIVE IN SERIES 100 RAD/SEC = {5.9 CPS

For the force servo, two single-acting pistons were used to drive the stick,
The rod-sides of the pistons were plumbed together and the opposite ends of
the pistons were connected to the servovalve (see Figure 71). The

piston area is 0.786 inZ and the radius of application of piston force was
chosen so that a force of 200 pounds could be developed at the wheel for full
1000 psi differential pressure {maximum valve current). This radius is 5.4
inches. The maximum anticipated control rate of travel is 100 deg/ sec

(37 in/sec at wheel) and to furnish this stick velocity the valve flow capacity

must be 7.4 in3/sec.

A functional diagram of the force servo is given in the sketch on the fol-
lowing page.
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Feel Servo with Pressure Control Servovaive

The apparent steady-state stiffness of the servo can be estimated from
equation (159) if we assume the open-loop gain is large with respect to one,
From equation {(159) we find

e Ks/ K, :
= = R (16/in.) (202)
ss I+
2
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which is the equivalent series stiffness of the column and the servo. The
static gains of the amplifiers shown in the sketch were designed to furnish a
maximum loop gain of about 50 and a maximum servo stiffness of approximate-
ly 100 1b/in at the wheel. The calibrated gains measured on the test rig are
as follows:

K, = torque feedback sensitivity 0.054 mv/in.lb maximum

or 0.29 mv/lb at servo or 1.15 mv/lb at wheel

K, = servoamplifier gain 0.70 ma/mv maximum

K = servovalve sensitivity 250 psi/ma

K, = servopiston area 0.786 inZ

Ky = position sensitivity 42.0 mv/deg maximum or 113

mv/in at wheel

So, with the test rig, the maximum servoloop gain is

K = K, K, KyKy=40.0 (non-dimensional)

0

and the maximum stick stiffness is (from equation (202))

F /13 ‘
W = ,{3/'/5 = 70 !b/m
dy‘y 55 . 015

250

with full torque feedback. Higher stiffnesses were obtained by increasing the
excitation voltage of the synchro position pickoff or by reducing the torque

feedback (whiéh reduces the maximum loop gain).
TEST PROCEDURE

A consolidated oscillograph was used to measure the dynamics of the feel
servo, and the variables which were recorded are (1) stick position input to
the servo, from the synchro output, (2) stick force feedback, obtained at the
output of the strain gage amplifier, (3) servovalve current, and (4) differential
pressure across the servopistons, from a Statham differential pressure trans-
ducer. Calibrated attenuators were inserted in each oscillograph channel so

that the trace deflections could be adjusted conveniently.
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Two quantitative testing techniques were employed to obtain information
on the performance of the feel servo with the pressure-control servovalve.
These are (1) open-loop sinusoidal testing to obtain the transfer functions of
the servo components, and, (2} step force inputs to the stick to obtain the
closed-loop response of the feel servo. The step inputs were obtained by
wedging a wooden block between thg seat and the stick or between the station-
ary column and the stick, so that the control wheel was displaced from its
neutral position against the restoring torque of the servo. The wedge was

suddenly removed by a hammer blow, furnishing a step release of stick force.

FEEL SERVO TEST RESULTS

The test servo was started and run for several hours to familiarize people

with its behavior. A number of qualitative observations were first made,

1. It was seen immediately that servoloop gain around the torque feed-
back loop could not be made even moderately high without instability,
regardless of the stiffness adjustment. The stability equations for
the pressure control servo (equations {164) and (165)) predicted the
approach of instability only as the servo stiffness adjustment was
made high with respect to the mechanical stiffness of the stick. Thus,
the observed instability came from some source not included in the
theoretical analysis.

2. When the servo stiffness setting was increased, with the torque feed-
back set at a low, stable value, it was noted that the servo stability
decreased until at a servo stiffness of 110 1b/in {column stiffness
250 1b/in), oscillations were sustained, Theory in equations (164)
and (165) predicted instability at a stiffness ratio of about unity.

3. One of the recordings of system operation with both torgque feedback
and the position input signals disconnected showed that the pressure
output contained small oscillations at a high frequency not found in
the input electrical signal,

4. The very moderate useable torque feedback loop gain was effective in
eliminating the friction between the valve pressure output and the con-

trol stick. This friction was objectionable for open-loop operation.
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5. With loop gain set to a stable value, a useful range of simulated stick
stiffness could be covered, and as far as manual operation was con-
cerned, the dynamic and static characteristics of the feel servo were
adequate.

Additional tests are planned for the feel test-rig and only preliminary
information obtained from the initial tests is available for inclusion in this
report. The torque servoloop as initially set up was found to be unstable with
loop gains over /(0 = 2 (non-dimensional). Several methods of servo stabili-
zation were attempted, including the use of corrective networks in the torque
feedback path. A certain amount of success was obtained with low-pass filters
in the torque circuit and several tests were completed on the servo in this con-
figuration. With the filter network, loop gains of 10 were possible; however,
at this value of loop gain tﬁere was considerable trouble with noise pickup
which made the stick twitch erratically. A series of tests was completed with
the torque loop-gain reduced to 2. It was found that the servo stiffness could
be varied from near zero 1b/in to 100 1b/in, but at 120 1b/in the servo was un-
stable following large step inputs. Oscillograph recordings of step inputs at
various stiffnesses are reproduced in Figure 72, The force-position relation-
ship at the wheel (expressed by equation (159) will have a natural frequency
determined by the stiffness introduced by the servo, being zero at zero stiff-
ness and approaching the natural frequency of the wheel and column inertia and
the column stiffness {calculated 18 cps) at high servo stiffness. The frequency
response of the stick position to force relationship (position measured at the
base of the column) was determined from the step responses of Figure 72 and
these are given in Figure 73. The servo natural frequency, which is concerned
with the torque to signal input relationship at the servo, is independent of the
position sensitivity and determined only by the d};namics of the servoloop and
load and the servoloop gain.

The existence of a system instability not associated with the servo stiffness
setting indicates that something was neglected in the analysis, and it is planned
to include next the flow response of the pressure control valve. The effect will
be introduced into the theory as in equation (154), and a test program will be

set up to evaluate K, and G, of equation (154).
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SECTION X
SUMMARY OF RESULTS AND CONCLUSIONS

A method by which the T-33 can simulate the longitudinal short-period
motion of another airplane has been worked out. The transient response of
both normal acceleration and pitching velocity can be simulated, but to the
extent that true speed is not matched, there will be some compromise be-
tween simulating steady-state normal acceleration and steady-state pitching
velocity. The method allows for control system dynamics. Analytic studies
and studies made on an EASE analog computer were used to determine the maxi-
mum allowable lag in the control system. The control system is being design-
ed to have no more lag than a second order system with an undamped natural
frequency of 7.5 cps and a damping ratio of 0.7,

A method has likewise been worked out for simulating the lateral modes
of motion. Term by term simulation of the rolling and yawing moment equa-
tions can be achieved. Simulation of the side-force equation will generally not
be exact, but the effects of this are expected to be small except for the spiral
mode. The gpiral mode tends to come out too fast if the test airplane true speed
is low, and vice versa. The method again allows for control system dynamics,
The same requirements on control system lag as mentioned above for the longi-
tudinal case have been chosen for design of the aileron and rudder control ByS-
tems,

The phugoid period and damping will be controlled by use of an auxiliary
surface driven by an electric servo.

Methods have been worked out and functional block diagrams drawn for the
simulation of control systems., Feel servos will provide variable stick and
pedal force characteristics. Suitable channels with variable gains are provided
for sending control signals of the right magnitude from the cockpit controls to
the control surface servos, The principles used follow from previous related
work done by this laboratory,

Two methods of automatic turn coordination have been worked out and
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checked on the EASE analoyg computer, The control system is designed so that
either method can be tested.

A computing circuit has been laid out for pr;)\}iding the incremental elevator
angle required to maintain altitude in turns.

A proportional bank system, providing a steady bank angle proportional to
lateral stick displacement, has been designed and checked on the EASE analog
computer,

Design information for the control system has been compiled and is pre-
sented in Section VI,

Functional block diagrams have been developed for the control system.
Consistent with these, an electrical block diagfam has been drawn. This dia-
gram shows the major components in the computing and gain control section of
the control system, and shows their interconnections.

Bench tests have been run on a position transducer, the auxiliary surface
servo, a phase shifter, and a chopper differentiator, These tests have been
generally satisfactory and have provided needed design information. Some
work was done on transistor amplifiers with some promising results, but it
wag decided that it would be unwise to undertake any large-scale application
of transistors to this control system,

Selections of end instruments have been made and specifications worked
out for several computing sub-systems which may be subcontracted.

A layout has been made for installing the elevator servo in the plenum
chamber ahead of the engine.

A layout has also been made for installing the rudder servo in the engine
compartment, Some checking is still needed to be sure that the cable connec-
tion from this point aft will be sufficiently stiff,

An installation of a single aileron servo located at the airplane centerline
has been laid out. An alternate installation has been laid out using two servos
located in the wings just ahead of the ailerons. The former layout has several
practical advantages, but the choice will depend also on analysis of the servo
test rig results and further consideration of the effect of cable stretch on the
rolling performance of the test airplane. The possible effect on flutter char-

acteristics is also to be considered.
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Layouts have been made for the test cockpit control ingtallations, includ-
ing the feel servos., The interchangeable wheel and stick arrangement has
been laid out,

Analysis and design methods have been worked out for designing the con-
trol surface servos to give the desired performance with relatively little de-
pendence on load effects, Using these methods, a test servo was designed,
built, and set up in a test rig, Very good results were obtained from the test
program. The experimental results checked very well with predictions, thus
verifying the theory and design methods used. The performance of the test
servo was excellent and met the design requirements of the T-33 control sys-
tem.

Analysis and design methods have similarly been developed for the feel
servos., A feel servo test rig, based on use of a pressure-control servo valve,
was set up and tested, Good results were obtained, although it became clear
that the system as set up could be improved in several respects, More test
work is needed to verify the theory of this type of servo. It was demonstrated,
however, that the basic principle is sound and workable, An alternate type
of feel servo, used in earlier programs, employs an ordinary flow-control
servo valve, This type has been analyzed and considered for the T-33 sys-
tem. The pressure-control system appears advantageous, however, partic-
ularly f;tn)m the point of view of feel system dynamic stability. The present
decision is to use the pressure-control valve,

-In general, the T-33 appears to be a suitable airplane for the purposes of
this program, Methods. have been developed by which the T-33 can be made to
simulate the handling characteristics of various fighter aircraft. The princi-
ples of operation of a special control system which will accomplish this task
have been established. It has been found practical to extend the capabilities
of this system to permit flight research in the design and function of cockpit
controls., The control system has been laid out in general, and preliminary
design work has been carried out to develop the methods and data required
for detailed design. Layouts of the mechanical installation have been made.

Block diagrams have been drawn and workable approaches found to the various
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instrumentation and electronic problems. The servo analysis and test pro-
gram has established a sound basis for designing and building the control sys-
tem servos. It is believed that the purposes of Phase I have been accomplished
and that the design, fabrication, and installation of the required control system

can proceed with confidence.
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DOUBLE PUSH-PULL
RODS THROUGH SLOT
IN SPAR

Fig. 23a ELEVATOR SERVO INSIDE STABILIZER

FAIRING

Fig, 23b SERVO CONNECTED EXTERNALLY TO ELEVATOR

™

EXISTING CONTROL SYSTEM

Fig., 23c ELEVATOR SERVO INSIDE FIN

Figure 23 PRELIMINARY SKETCHES OF ELEVATOR SERVO INSTALLATION
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EX]ISTING CONTROL SYSTEM

POSITION SERVO

Figure 24 ELEVATOR SERVO IN ENGINE COMPARTMENT
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Figure 26 ELEVATOR SPRING TAB MECHANISM UNLOCKED
T-33 AIRCRAFT

WADC TR 55-156, Part 1 235



v

WADC TR 55-156 , Part 1 236



Fig. 28b

Figure 28

WADC TR 55-156, Part 1

Fig, 28a

Fig. 28¢

RUDDER SERVO INSTALLATION
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THIS SMALL HALF MOON BULKHEAD 7O BE REMOVED
AND SHROUD CONTINUED FORWARD TO STA. 364

/ FINn |

._.---_‘_‘—n.

‘ P o

Lo STABILIZER 4/
Sy [/ S 7
":“:‘y L

"

SHROUD

1
!
t
1

—— Ak
N

$74
<00

(&)
&
&

SPACE MADE AVA/LABLE HERE

Figure 30 FUSELAGE MODIFICATION FORWARD OF STABILIZER
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CLEARANCE HOLE FOR
ACTUATOR TAILROD

EXISTING
PULLEYS

Figure 31 RUDDER SERVO INSTALLED IN MODIFIED FUSELAGE
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MASS BALANCES NOT SHOWN IN THIS VIEW

\

EXISTING '
CABLE

AILERON
HINGE &

AUXILIARY BEAM

Figure 33

WADC TR 55-156 , Part 1l

AILERON SERVO

MASS BALANCE

INSIDE WING
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FRONT SPAR REAR SPAR

FAIRING

Figure 34 AILERON SERVO BELOW WING

WADC TR 55-156 , Partl 243



.:‘mu 7304 9NIM NI 0AY¥3S NOY3ITIV G 84nbi 4

HdS HVPIY
FONIH ‘77

nouF iy D gid MIN
} \.I

Hyds Yv3IY NI
107S GIFHOINITY

[ M,.rr

HVdS INOYS

1L Cvis iy

R

IINVPS NINS HIMOT N/
Yyoog S$S327v 40 INITILNO

244

WADC TR 55-156 , Part 1



ANYA TOYINOD

WNY¥A TOYULNO

NOY3ITIV 9NIMOHS O9NIM AONVH 1HO91Y 40 3AISYIANN 40 M3 A

o

9 - NOY¥3TIV 0L
Q0¥ 11nd HsNd

9c 24nby 4

5

24

WADC TR 55-156, Part 1



ININLIEVYINOD INIONT NI O0A¥IS NO¥ITIY L a4nbi4

822 VIS QUVIHNTNG NO QHVMHOS ININOOT MFIA
!
]
NOHITIV
\\ P —— e ol S379vI
L1IND © HOLVNLIV
¥315008 OAHTS
zammiv/. ' R4\
— =9 %)
— ¥ A — /I
J |
-5
\ ™\ ' 4 N\ mﬂ
} HVdS HVIY
f X
/ N S

246

WADC TR 55-156 , Part ]



14VyYIHYIVY v6-4 NO NOILYI1IVISNI

M/

H1 JOVIUNAS
AdvVITIXNY

OANY3S AHVITIXNY

amvxgxuhuz
Ff

g au4nbi 4

-

1% ;kv?
014103

14

247

Part 1

’

WADC TR 55-156



RUDDER PEDALS IN
AFT COCKPIT

CROSS CONNECTING

& " CABLE ADDED

CABLES TO FRONT
COCKPIT DELETED -

——

Fig. 3%a REAR COCKPIT PEDALS, SHOWING CROSS CONNECTING CABLE

ROCKING BAR
UNUSED

LEVER _

FEEL SERVO

RH PEDAL

LH PEDAL
FRONT COCKPIN RUDDER FEEL SERVO INSTALLAT I ON

Fig. 39

Figure 39 RUDDER COCKPIT CONTROL MODIFICATIONS
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VIEW LOOKING AFT
STICK NEUTRAL

Fig., 404

'

FEEL SERVO

VIEW LOOKING AFT
FULL AILERON

Fig. 4056

Figure 40 AILERON FEEL SERVO -
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VIEW LOOKING AFT

WHEEL NEUTRAL

Fig. 4/la

CHA N

LOCK BRACKET

VIEW LOOKING AFT
FULL AlLERON

Fig, 416

Figure 41 AITLERON FEEL SERVO - WHEEL CONTROL
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STICK CONTROL
{fneutral Positilon)

Fig., 42a
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T
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WHEEL CONTROL
(Elevator Up)

CHAIN DRIVE

Fig., 42k UNIVERSAL JOINT
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Figure 42 ELEVATOR FEEL SERYVO
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DYNAMIC RESPONSE OF HINGE MOMENT COEFFICIENT PER UNIT SURFACE DEFLECTION Ch.
ds

L. where o A /)
s " Sges &
: T= HINGE MOMENT 5

L S = CONTROL SURFACE AREA 4
@ = DYNAMIC PRESSURE 13

ALe=CONTROL SURFACE CHORD

ds= CONTROL SURFACE
DEFLECTION

NON -DIMENS I ONAL AMPLITUDE RAT/O

]
5

- Cs SURFACE CMORD

€, TOTAL CHORD

.6

Q
W
o
O
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. =loo |
3
> -120
< [ EA
:() RO
& /60

- 180

.05 -/ .2 g3 4 56 .8 o 1.5 2 3 4 5

G €
REDUCED FREQUENCY 3 MD = ( v
Figure 45 AERODYNAMIC LCOADING OF CONTROL SURFACE
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' A
DYNAWIC RESPONSE OF TORQUE PER UNIT DEFLECTION | A ) FOR siupLe FiRsT-
ORDER TORSIONAL SYSTEM OF SPRING A, AND DAMPER b,
wHErRe T, = b3 seconos
o

{10
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=120
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- 160
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Figure 46 NON-DIMENSIONAL RESPONSE OF FIRST-ORDER SYSTEMW
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CONSTANTS FOR SYSTEM
U FROM WHICH DATA WERE
- 3.5 | TAKEN
o et - (see equations (199) & (200}
2.5 R
Q L@, =32.9 cPs
2 I
- @ =23.0 CPS
< N3
& s L, =014
W
S L,=o0.10
| i
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~J e
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Figure 47 POSITION TRANSMISSION RATIO, FREQUENCY RESPONSE
TRANSMISSION RATIO, T(@) = (__é._) (@)
65
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STATIC RESPONSE OF HYDRAULIC FLOW FROMW SERVOVALVE AS A FUNCTION

OF VALVE CONTROL CURRENT AND LOAD PRESSURE
{From ucONTRIBUTIONS TO HYDRAULIC CONTROL, PART 32, PRESSURE-FLOW
RELAT.IONSH!PS FOR A 4-WAY VALVEY by J.F. Blackburn, ASME Paper 52-A-42

November 1952)

VALVE CURRENT i

mak,

FLOW OUTPUT %MGKNON-DIM[:'NSIONAL

o 0.2 0.4 0.6 0.8 1.0

a4
LOAD PRESSURE % NON-D I MENS I ONAL
5

Figure 49 STATIC RESPONSE OF FOUR-WAY, FLOW-CONTROL
SERVOVALVE WITH ZERO OVERLAFP
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SERVOPISTON POSITION
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APPLIED FORCE AT WHEEL
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STICK FORCE MEASURED AS
SERVO INPUT (LB)

SERVO INPUT S!GNAL
(voLrsy

SERVO FEEDBACK S16GNAL
(veLrs)

€, = &, SERVD ERROR
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SERVOVALVE CONTROL
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SYSTEM
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POSITION SERVO SYSTEM BLOCK DIAGRAM

Figure 50 FEEL SERVO WITH FLOW-CONTROL SERVOVALVE
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FEEDBACK

STRAIN GAGE @
LOOP

o, = WHEEL POSITION (IN. )
w
o, = STICK POSI TION MEASURED
i AS SERVO INPUT (IN.}
F, = APPLIED FORCE AT WHEEL
(L8}
F, = SERVOFISTON FORCE L8)
e, = SERVO INPUT SIGNAL
vaLve |, fvoLTS)
e, = SERVO FEEDBACK SIGNAL
(VOLTS)
e, = e; — e, SERVO ERROR
SIGNAL (VOLTS)
ig = SERVOVALVE CONTROL CUR-
RENT (MA)
AP = SERVOVALVE PRESSURE DUE
¢ TO CONTROL CURRENT (PSI)
APy, = SERVOVALVE PRESSURE DUE
P TO FLUID FLOW (PSI)
+ COMPRESSION PISTON
AP = AR — AP, DIFFERENTIAL
PHYSICAL DIAGRAM PRESSURE FROM SERVOVALVE
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WECH INERTIA FEEDBACK
SYSTEM -
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FORCE SERVO SYSTEM BLOCK DIAGRAM

Figure 51 FEEL SERVO WITH PRESSURE-CONTROL
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SINUSOIDAL RESPONSES: FUSELAGE-MOUNTED SERVO,
HALF- SCALE LOADS AIR OPERAT I ON
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Figure 56 SINUSOIDAL OSCILLOGRAMS TAKEN ON POSITION
SERVO TEST RIG
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DYNAMI C RESPONSE OF VALVE CURRENT TO AMPLIFIER INPUT VOLTAGE
G (fw) = (Yo, ) (Sw)

P

‘e eé| NON-D I MENS 1 ONAL
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P PR

o MO e T e e
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3 . CALCULATED RESPONSE (——-—-—-—— N

i I+ 0032 ey i o
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Figure 57 SERVOAMPLIFIER RESPONSE
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>
OYNAMIC RESPONSE OF SERVOPISTON LOADING zp(/ﬁJ)'—'/ 0,—9 G
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DYNAMIC RESPONSE OF SERVOPISTON POSITION TO QUANTITY OF
AT
FLUID FROM THE SERVOVALVE Gy (jw) (C—f;-) fjw)

/1.5

1.0

®

- MEASURED DATA; GROUND OPERATION

N MEASURED DATA; AIR OPERATION

o7
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X

o]
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Figure 60 HYDROMECHANICAL SYSTEM RESPONSE
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Figure 61
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DYNAMIC RESPONSE OF SERVOPISTON POSITION TO SERVO COMMAND S{GNALS (_(_fﬁ) (_/Lu)
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Figure 62
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DYNAMIC RESPONSE OF AILERON FOSITION TO SERVOPISTON POSITION T{jw) {;;'G) (jw)
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Figure 63 POSITION TRANSMISSION RATIO
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[/
DYNAMIC RESPONSE OF AILERON TO ELECTRICAL COMMAND S5/GNAL (Ef)gw)

J
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Figure 64 OVER-ALL FREQUENCY RESPONSE FOR TEST RIG SIMULA-
THON OF FUSELAGE AILERON SERVO « HALF SCALE LOADS
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72
DYNAMIC RESPONSE OF AILERON TO ELECTRICAL COMMAND S/!GNAL (%f (jw)

3
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Figure 66 OVER-ALL FREQUENCY RESPONSE FOR TEST RIG
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DYNAMIC RESPONSE OF AILERON TO ELECTRICAL COMMAND S!GNAL FOR
WING MOUNTED SERVO ( __eq’g) (jw)
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Figure 71 FEEL SERVO TEST RIG
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TABLE 1
DEFINITIONS FOR COEFFICIENTS OF THE LONGITUDINAL EQUATIONS
OF MOTION USED IN SECTION [V

M / I
Dv = (CD - TV * ? CDM)’ZT where 7;:/0—5;9
/
2 = (G- Ciylzz
!
Dy = (Cga* 7?7;)2,—1,
M 7
LV = (CL + 7?7; 'f'—z— CLM')?
/
Ly = (sz" CD)?Z_T'
/
te = G 27
2u v, JdC
M' = C d ! where = ____f_’_ ____‘m
v mov (T ; C”'ov 1%
£ 2u, ¢,
My = (C2C, -2 ZT T+ MC, /zj;l more G 5
: v
Zph
M, = C =L '
o g [y,rz
2u 7 9C
M. = —,-—-—’- whore 'S SR —
-4 7 poc {7 Toa Zu, é(o%y)
2t ! ac
M; = ' 5= ae
65 Croo T e Cmo 'z Yegy)

Md' = C 2‘/’{’

fﬂd-e t'yTz
_ m
YA
_ I£¢]
jif = /DSC
. I,
L =
4 4m—cz
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TABLE

SUMMARY OF ANALOG COMPUTER RESULTS

FOR SIMULATION OF CASE "A"
CALCULATED MEASURED FROM
COMPUTER RECORD=%s
RECORD AIRCRAFT CONDITION DAMPING [FREQUENCY [DAMPING [FREQUENCY

NO. RaT10 § | - cps [RaTio € | F- ces
I mAn TYPICAL SHORT PER|OD 0.229 1. 628 0.24 1.52

CHARACTERISTICS OF

SUPERSONIC AIRCRAFT
2 NORMAL T-33 |Mz0.65 A= 10,500 FT 0.605 0.424 0.61 0.42

NO ARTIFICIAL STABILITY
3 T~33 M=0.65 h=<10,500 FT - -- 0.25 L.6)

ARTIFICIAL STAB. - NO

LAG
6 T-33 M=0.66 h=10,500 FT - .- 0.23 1.58

ARTIFICIAL STAB. , 0.05
SEC LAG
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SUMMARY OF ANALOG COMPUTER RESULTS
FOR SIMULATION OF CASE

TABLE "1

"B"

CALCULATED

MEASURED FROM
COMPUTER RECORD-~,

RECORD
NO.

AIRCRAFT

CONDITION

DAMPING
RATIO - €

FREQUENCY
- ¢PS

DAMPING

FREQUENCY
RATIO- €

7 - ¢PS

NONE

I'IBII

NORMAL T-33

NORMAL T-33

T-33

T-33

T-33

T-33

T-33

T-33

T-33

TYPICAL SHORT PERIOD
CHARACTERISTICS OF
' TRANSONIC AIRCRAFT

M=0.65 A-10,500 FT
RO ARTIFICIAL STABILITY

Ms0.65 A=18,500 FT
NO ARTIFICIAL STABILITY

M=0.656 A=10,500 FT
ARTIFICIAL STABILITY -
NO LAG - Lo NOT MATCHED

M:0.65 h<18,500 FT
ARTIFICIAL STABILITY -
NO LAG - £ 5 MATCHED

M:0.65 A=18,500 FT
ARTIFICIAL STABILITY
0.05 SEC FIRST-ORDER LAG

M:=0.65 H=18,500 FT
ARTIFICIAL STABILITY
0.0279 SEC FIRST-ORDER
LAG

M=0.65 A=18,500 FT
ARTIFICIAL STABILITY -
SECOND-ORDER LAG -

€ =0.70 £z 8.0 CPS

M= 0.65 A=18,500 FT
ARTIFICIAL STABILITY -
FIRST-ORDER LAG -

HO COMPENSATION

M=0.66 A=18,500 FT
ARTIFICIAL STABILITY -
SECOND-ORDER LAG -

0.197

0.605

0.535

NO COMPENSATION

1.120

0.424

0.380

-

0.21 .04

0.61

0.23

1.02

0.24 i.04

0.20

0.20 .07

0.21
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TABLE 1V

DEFINITIONS OF COEFFICIENTS USED IN
LATERAL EQUATIONS OF MOTION IN SECTION 1V

] 9y _C

Y, = = "8
T ml, 9B T 2t
] oV C,,
* oml, Or  4u,
y = f dy= C}’p
P omi, dp  4u,
o / dy _ CVJ
. * ml, od, " Zr
/
V¢ = r_;v—l/; Wecos y,
! .
y‘p =—n-7-‘70 WS[H YO
L. - fi_/ffé .
4 L LB 7
RENCN
[.’. = —J_; d—;: + _[Z
£ [OL 7
L, = — [— Xz
LI, Ldp ’ I,
&  [d/ L.,
WTTlg "I
£
[ o2 [, Le

r= 7 [ad " T
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TABLE IV (CONT'D)

DEFINITtONS OF COEFFICIENTS USED IN
LATERAL EQUATIONS OF MOTION IN SECTION 1V

vetln w2 E5 LR e
Tl o Tl e
el S [
v-T g 7] R [
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TABLE V

DEFINITION OF COEFFICIENTS IN TRANSFORMED ROLLING MOMENT
AND YAWING MOMENT EQUATIONS (97) AND (98)

Lg = Lg+ Ll Ni =~(N,+Y)
- Nx; = Ng+ N Jg
Ly = L, V¢ )
% B Nr-’“%b
L}rz Ld’j L,.\{,r_ /Vd; = Nd;.f'N’,}{f”
N;zs = N,.P;
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TABLE VI

AERODYNAMIC, GRAVITY, AND INERTIA COEFFICIENTS
FOR T-33 FLYING AT M=0.70 AT 10,000 FEET.

(=]

Vo = 753 Fps Cy, = --625 Ys = -.250

= 387.5 FT C‘), = .34

b
W = 12,500 T Cy, = -.028
S

= 235 FT? CL0= . 1070 Yy = -0428
{y = .0659 CV"'.«: .99 )Q”: .0796
53 = .209 Ce,= --050 L,z = -25.4 L
ix;= -. 0050 C,. % -070 L, = -896
r
T * 1.250 SEC C;,P: -.527 Ly = =641
Mo = 25,1 Qd= -. 130 LJ; -63.5
a2
g =497 psf C{,d; .021 Ld}-z 1,24 z“’r
Chg= 084 Ng = 18.51 N3
C”f‘:- 160 N, = -.831
-
z .005 = L1734
Cndi- -.0075 Nd.d: 365
C"a}.: -, 085 Nd'r: 13.35 Nd',.
”
Mo
-
Ng

WADC TR 55-156 , Part 1 289

|

-25.6
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TABLE Vil

SUMMARY OF PROPOSED DESIGN DATA FOR T-33 AUXILIARY SURFACE

AREA: 0.827 FTZ (SUM OF BOTH SIDES)

SPAN: I.104% FT (18 (/4 IN.) (ONE SIDE)

CHORD: 0.375 FT {4 /2 IN.)

ASPECT RATIO: APPROXIMATELY 3.0 (ONE SIDE)

PLANFORM SHAPE: RECTANGULAR

HINGE AT: : I1/4 CHORD OF I-1/8 IN. AFT OF LEADING EDGE.

LOCATION OF HINGE ON AIRPLANE: APPROXIMATELY AT FUSELAGE STA. 4u

ESTIMATED LIFT CURVE SLOPE: (INCLUDING END~PLATE EFFECT) 4.50 RAD-!

' ic
PITCHING MOMENT EFFECTIVENESS: ’”,/Q9cf £ ,00057 DEG-!
WHERE C,, ® AIRPLANE PITCHING MOMENT
COEFFICIENT
& = AUXILIARY SURFACE DEFLEC-
TION
MAXIMUM DEFLECTION: 115°

MAXIMUM ESTIMATED HINGE MOMENT: 1000 INCH-LB
(SUM OF BOTH SIDES, M = .80. ALTITUDE =5,000 FT, AIRPLANE ANGLE OF
ATTACK =2°, AUXILIARY SURFACE DEFLECTION 16, LIFT CURVE SLOPE OF
AUXILIARY SURFACE =4.50 RAD-1, CENTER OF PRESSURE AT 1/2 CHORD.)

MAXIMUM ESTIMATE NORMAL LOAD: 450 LB
(ONE SIDE, FOR THE SAME CONDITIONS AS THE HINGE MOMENT. )
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TABLE Vill

SUMMARY OF PHUGOID PERIODS ATTAINABLE AT VARIOUS T-33
FLIGHT TEST CONDITIONS

T-33 ARTIFICIAL AUXILIARY ASSUMED PHUGOED TIME TO
FLIGHT STABILITY SURFACE PHUGOID PERIOD REACH e
CONDITION FOR SERVO DAMP ING (SEC) TIMES
SHORT PERIOD GAIN RATI0 INATHAL
S1MULAT 10N ad, AMPL 1 TUDE
249
70(4%,) (SEC)
AC, =3.m0 + 300 DEG ol - 1.0
I+ ALTITUDE 2
M= .70 0 . 112
AC,,,,= 0 - 300 DEG i 48
AC,, =-1.00 ) + 300 DEG ol - 2t.6
2. ALTITUDE .
= 36,500 FT
M = .50 0 . 69
AC, =0 - 300 DEG .l 45
0o
4C,, =0 + 300 DEG .06 - 4.3
. ALTITUDE o
= 20,000 FT
M = .566 0 .06 95
AC = - i
Mpg = O 300 DEG .06 23
ac,, = C, ‘9‘5?//)
& de \ da
ACy, =L C, f’_‘:'.é’)
e T de L 0@
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TABLE 1X

SUMMARY OF PHUGOID DAMPING RATIOS ATTAINABLE AT
YARIOUS T-33 FLIGHT TEST CONDITIONS

T-33 ARTHFICIAL AUXIL{ARY AVAILABLE
FLIGHT STABILITY SURFACE CHANGE OF
CONDITION ~ SERVO GAIN PHUGO 1D
3 e s DAMPING
Ydg RATIO
AE
De
AC = =3.40 $10 o—— -2.90
My, psf/sec
l. ALTITUDE = @ -10 +2.90
M = -70 C = =
4 Mpa C"’v 0
a4C = 1.00 +10 - 17
2. ALTITUDE = Ma
36,000 FT =10 te 17
M = .50 = =
ACp,, Con,= 0
aAC =90 +10 -3.84
3. ALTITUDE = Mo
20,000 FT -10 +3.84
M= -566 = =
AlC',,,D‘9 Com,= 0
AC,, = C, 9%
i Y  Jda
a4,
AC z _’_.. C —t
Toe T T 55
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TABLE X
RANGE OF GAINS REQUIRED FOR SIMULATION OF AIRPLANE MOTION

RANGE OF GAIN YALUES

dO,@/a (g}/ + 300 DEG

dc}fo/d?- £ 10 DEG.SEC/PSF
C?(/e/ja + 5.0 T0 -1.0
9%,z + .50 SEC TO -.40 SEC
c?ag/d@- + 1.0 SEC TO -.30 SEC
502/0,9' + .10 sEc?
29,/ . + 3.5 SEC TO -.46 SEC
0% /5, -.80 SEC TO +.19 SEC
070@./0,,(J +.65 SEC TO -.80 SEC
r)d;z/dp +2.5 SEC T0 -.22 SEC
daf_/aﬂ -10 TO +9
0% /s o 0 -6
dd;./d,‘. +.302 sec?
dd'd/d’; £.076 SEC2
6902./07;, £ 149 SEC2
dd, /dp £.064 SEC2
dd}-/a'a/j -3.5 SEC TO +.41 SEC
da;/o;/é +.45 SEC TO -.27 SEC
ROTE: a{ﬁﬁy/ 00217 FT2/18.DEG

g 7/ 2(4a)
d(dﬂy}

q -.000206 FT2fLB-DEG

— e ——

JA3)
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TABLE XI

EXTREME YALUES OF STABILITY DERIVATIVES OBTAINED
FROM DATA FOR FOUR FIGHTER AIRCRAFT

MAXIMUM MINIMUM
Ay, -. 950 -.0l
Cé’r, +.55 -.025
Ny -.265 +.18
Cgpr -.60 0
C,w’ +.69 +.017
Céjs, -.258 +.003
AN +.925 +.926
B EMPTY TIP TANKS ON THE T-33 «1.24 +.795
C r FULL INTERNAL FUEL SUPPLY +2.48 +2.48
D ) -.475 .31
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TABLE X111

MAX{MUM EXPECTED VALﬁ%§ OF AIRPLANE RESPONSE VARIABLES

THIS TABLE 1S BASED OK MAXIMUM VALUES OF AIRPLANE MOTION REPORTED
IN REFERENCE 4 OR ANTICIPATED FOR SEVERAL PRESENT~DAY OPERATIONAL AND
NEAR-OPERATIONAL JET FIGHTERS. IN SOME CASES (ROLL RATE AND ACCELERATION
FOR EXAMPLE), THE T-33 CAN NOT SIMULATE THE MAX!MUM VALUES, AND SO REASON-

ANGULAR ACCELERATIONS

6
2
r
ANGULAR VELOCITIES
é
p
r
ANGLES OF ATTACK AND SIDESLIP
a
o

LOAD FACTORS
nE

7y

DYNAMIC PRESSURE

4g
49/2

7

WADC TR 55-156, Part 1

ABLE ESTIMATES OF THE T-33 CAPABILITIES ARE GIVEN IN THESE CASES.

2.5 RAD/SEC?
10.0 RAD/SEC?
t.2 RAD/SEC2

0.7 RAD/SEC
5.0 RAD/SEC
0.5 RAD/SEC

.6 RAD/SEC
+10 TO -8 DEG
+5 RAD/SEC
I5 DEGREES

+7.3 TO0 -3.0
1.0

80 TO 800 PSF
luy PSF

0.20

10 PSF/SEC



TABLE X1V

MAX IMUM VALUES OF CONTROL SYSTEM YARIABLES

FES = 200 LB

Ies = 5 IN. FWD. TO 9 IN. AFT
I es - 25 IN/SEC

do = +16° T0 -20°

Fas = 100 LB

dus = £7 IN.

dy = +20° FOR EACH AILERON
Frp = 300 LB

Iop - 4 IN.

d;, = +30°
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APPENDIX

T-33 DATA OBTAINED AT LOCKHEED AIRCRAFT CORPORATION
ON AUGUST 4-5, 1954

A-1 Table of Dimensional Data for the T-33A Airplane

A-2 Weight and Balance Data for the T-33A Airplane.

A-3 Moment of Inertia Summary for Model L245 (T-33B) Airplane

A-4 Miscellaneous Comparative Data

A-5 Lift Curve, Drag Polar and Elevator Floating Angle of the T-33A
Airplane

A-6  Static Longitudinal Stability Data for the T-33A Airplane

A-7 Damping in Pitch Derivatives for the T-33A Airplane

A-8 Elevator Effectiveness for Large Deflections

A-9 Linear Elevator Effectiveness and Hinge Moment Data for the T-33
Airplane

A-10 Sideslip Derivatives for T-33 Airplane (Tip Tanks Off)

A-11 Sideslip Derivatives for T-33 Airplane (Tip Tanks On)

A-1Z Rolling Derivatives for T-33 Airplane (Tip Tanks On and Qff)

A-13 Yawing Derivatives for T-33 Airplane {Tip Tanks On and Off)

A-l14 lateral Control Effectiveness for T- 33A Airplane

A-15 Lateral Control Effectiveness and Hinge Moment Data for the T-33A
Airplane

A-16 T-33A Tabulated Stability Derivatives Used for IBM Calculations

of Responses
A-17 Calculated T-33A Response Data, Tip Tanks Off, Short Period Motion

A-18 Calculated T-33A Response Data, Tip Tanks Off, Dutch Roll Motion
A-19 Three View Drawing of T-33 Airplane

NOTE: UNLESS OTHERWISE SPECIFIED, ALL DATA ARE FOR FLAPS UP AND TIP
TANKS OFF.
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A-1 TABLE OF DIMENSIORNAL

DATA FOR THE T-33A AIRPLANE

BASIC DATA
A. WING
AREA, S 234.8 SQ FT
SPAN, 4 37.54 FT
MAC, 80.6 IN. = 6.72 FT
ASPECT RATIO, 4 6.00
TAPER RATIO + 355
SWEEPBACK (L.E.) 9.31°
SWEEPBACK (€ .25) 5.0°
STRAIGHT ELEMENT, 52% OF CHORD
FUS. 5TA.227.2
DIHEDRAL (WING REF. PLANE) 3.83°
INCIDENCE (ROOT) 1.0°
GEOMETRIC TWIST (ROOT STA. TO
W.S. 222) -1.5°
AIRFOIL SECTION NACA 65,-213
CHORDS
ROOT (W.S.-0) 110.0 IN.
TIP (W.S. 2186) 41.89 IN.
LOCATION OF 25% C FUS. STA. 205.458
B. AILERON (EACH SIDE)
AREA, J 8.75 SQ FT
MEAN CHORD, €4 .17 FT
DEFLECTION LIMITS, o +20°
TAB AREA, Jgr .399 SO FT
TAB MEAN CHORD, Cy¢ 3.86 1IN,
TAB DEFLECTION LIMITS £20°
C. WING FLAPS (EACH SIDE)
TYPE SPLIT
AREA, Jf 15.32 S5¢ FT
MEAN CHORD, <Cf 1.8 FT
MAX IMUM DEFLECTION 45°
Do HORIZONTAL TAIL
AREA, JS% 43.5 SQ FT
SPAN, by 16.58 FT
MEAN CHORD, €, 3.12
ASPECT RATI1O0, Ay 5.58
TAPER RATIO <318
AIRFOIL SECTION NACA 65,-010

WADC TR 55-156, Part 1
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A-1 (CONT'D) TABLE OF DIMENSIONAL DATA FOR THE T-~33A AIRPLANE

CHORDS
ROOT 4,33 FT
TIP (EQUIV.) 1.38 FT
Y/% (SPANWISE MAC LOCATION) 412
STRAIGHT ELEMENT, 75% OF CHORD
V,[af}/ﬁf) (?}/‘52] 438
O (25 bo .25 ¢4) 15.9 FT
€ /€ 2.37
E. ELEVATOR (SAME FOR T-33A AND F-94A AND B)
AREA (BOTH SIDES) 8.70 50. FT
MEAN CHORD & .708 FT.

DEFLECTION LIMITS (AF TRAINING LIMITS) =~20°T0 +16°

F. VERTICAL TAIL

AREA, J, 22.5 $Q. FT
SPAN, &, 6.42 FT
ASPECT RATIO, A, i.83
MEAN CHORD, €, 3.89 FT
TAPER RAT!O .309
AIRFOIL SECTION NACA 65,-010
CHORDS
ROOT 5.42 FT
TIP (EQUIY.) 179 FT
4@ (\25& 710 .25¢;, ) 16.08
%[ﬁg/vufﬁ,/gg 0N
&G/ b 428
E/b = 1412 - .00748 ¢ (T-33A FOR ANY ¢ )
6. RUDDER
AREA, S, 5.3 $Q. FT
MEAR CHORD <p _ 1.09 FT
DEFLECTION LIMITS, Oh +30°

H. DIVE FLAPS (EACH SIDE)

AREA, Jyr 2.95 5Q. FT.
MEAN CHORD, <yf 2.22 FT.
MAX IMUM DEFLECTION, 45°
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A-3 MOMENT OF INERTIA SUMMARY FOR MODEL L245

(T-33B) AIRPLANE *
SLUG-FT2
CONDETION 7 7 7 LWXZ X Z WEIGHT
(GEAR UP) “og Ve Z@ <7 LBS.

ROLL PITCH YAW

NON-EXPEND. USEFUL 7,735 20,072 26,292 527 236.2 100.6 9,919
LOAD-NO FUEL

1/3 WING 7,747 20,235 25,633 499 236.7 101.5 H1, 184
2/3 WING 7 8,264 20,274 27,166 U85 237.2 FOI. | 1t,519
FULL INTERNAL . 8,932 20,299 27,833 479 237.5 100. 8 1,870
FULL INT. AND 13,480 20,522 32,58% 476 237.8 100.6 12,267

EMPTY TIP TANKS

FULL INT. AND 47,687 21,76i 67,967 470 238.3 99.8 15,257

FULL TiP TANKS
CG LOCATION

L.E. = 211.9 M.A.C.

* BASED ON THE NAVIGATIONAL VERSION WITH STANDARD EQUIPMENT (KO TEST
INSTRUMENTATION) AS ADJUSTED FROM ACTUAL WE!GHT AT PLANT B-9, DECEMBER 9,
1953, THIS AIRPLANE CONTAINS 258 POUNDS OF FIXED NOSE BALLAST (X = 27):
UP TO 467 POUNDS MORE (AVERAGE ARM X = 59.5) MAY BE USED TO SHIFT THE
CG FORWARD OF 33% M.A.C. INERTIA FIGURES DO NOT INCLUDE THE 467 POUNDS
FLIGHT TEST BALLAST. FUTURE MODIFICATIONS MAY INCLUDE RUDDER EXTENSION,
RELOCATED DRAG CHUTE, NOSE STEERING, VARIABLE RATIO BOOST, JET SILENCER,
AND REVERSE THRUSY. EACH ONE POUND INCREASE IN THE TAIL AREA WILL REQUIRE
APPROXIMATELY ONE POUND INCREASE IN FIXED NOSE BALLAST.
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A-4 MISCELLANEOUS COMPARATIVE DATA

THE T-33 HAS THE SAME WING AS THE F-80. IT ALSO HAS THE SAME
EMPENNAGE AND THE SAME CONTROL SYSTEM. THE FUSELAGE HAS BEEN LENGTHENED
I4 INCHES AFT OF THE WiNG AND 30 INCHES FORWARD OF THE WING. THE 14

INCHES ADDED AFT OF THE WING MAINTAINS THE SAME LONGITUDIMAL STABILITY
AS THAT OF THE F-80.

THE F-94A ALSO HAS THE SAME WING AND SAME VERTICAL TAIL AS THE F-80.
IT HAS THE SAME HORIZONTAL TAIL OUTSIDE OF THE FUSELAGE BUT THE TAIL SPAN
I§ GREATER BECAUSE THE FUSELAGE 15 WIDER AT THE REAR. THE F=QUA ALSO HAS
THE SAME CONTROL SYSTEM AS THE F-80.

THE VARIATION OF ZERO LIFT PITCHING MOMENT COEFFI{CIENT WITH MACH NUM-

BER FOR THE T-33 CAN BE JUDGED FROM THE OLD HACA AMES LABORATORY TEST OF

THE F-80. THE CURYVE CAN BE SHIFTED TO MATCH THE LOW MACH NUMBER VALUE
FOR THE T-33.

THE T-33B 1S ALMOST 300 LBS. HEAVIER THAN THE T-33A.
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Cp= DRAG COEFFe
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o ~ ANGLE OF ATTACK

A-5 LIFT CURVE, DRAG POLAR AND
ELEVATOR FLOATING ANGLE OF THE
T-33A AIRPLANE

€, - LIFT COEFFICIENT

FROM: LAL REPORT {27. EFFECT OF
FUSELAGE AND CAB MODIFICATIONS ON

PITCH DATA - FLAPS UP

o 4 8 /2
& - ANGLE OF ATTACK
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LIFT CURVE SLOPE, TIP TANKS OFF
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MACH NO, - M

A<6 STATIC LONGITUDINAL STABILITY DATA FOR THE T-33A AIRPLANE

WADC TR 55-156, Part 1 308



-2
T BN
0% N
£ R
" 8
+
19l .
.B & -
B
O
0
230 b
"
W
.20 J}iqf
| ]
-8
&
~
g - 10
'@
E
L
™ ; S
: i if
0 + i il

0 2 e .6 .8

MACH NO, - M
A-7 DAMPING IN PITCH DERIVATIVES FOR THE T=-33A AIRPLANE
[5/2 =3.36]
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A-9 LINEAR ELEVATOR EFFECTIVENESS AND HINGE MOMENT
DATA FOR THE T-33A AIRPLANE

WADC TR 55-156, Part 1 31



S S TR N
A .6 8

MACH NO, - M
A= 10 SIDESLIP DERIVATIVES FOR T-33 AIRPLANE
(TIP TANKS OFF)
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A-Il SIDESLIP DERIVATIVES FOR T-33 AlRPLANE
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A-12 ROLLING DERIVATIVES FOR T-33 AIRPLANE
{TIP TANKS ON AND OFF}
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A-13 YAWING DERIVATIVES FOR T-33 AIRPLANE
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MACH NO. - M
A-14 LATERAL CONTROL EFFECTIVENESS FOR T-33A AIRPLANE

NOTE: +1° AILERON = PORT A[LERON T.E. DOWV £°, STARBOARD AILERON P fo

WADC TR 55-156, Part 1 316



" AILERON AND RUDDER HINGE MOMENT :
| N COEFFICIENT SLOPES 4

3| arLErON - C‘h‘f
: &

RUDDER - Chd"
: R

c PER RADIAN
Ay

CONTROL SURFACE MINGE MOMENT
COEFFICIENT SLOPES

[ . .2 .4. V .6 .8
MACH NO, - M
A-15 LATERAL CONTROL EFFECTIVENESS AND HINGE MOMENT
DATA FOR THE T-33A AIRPLANE
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A=16 T-33A STABILITY DERIVATIVES USED FOR I1BM CALCULATIONS OF RESPONSES

NOTE:
v
ALTITUOE MWALH MO
FT{SEC
o .3 338
.5 558
.7 780
15,000 .3 s
.5 524
.7 739
.75 782
35,000 .5 V8§
.7 630
.75 729
A
[ .3 109.6
N 103.6
.7 103.6
16,000 .3 16%.2
.5 i64.2
.7 164.2
.75 164.2
35,000 .5 a3k,
.7 334
.75 334,
ALTITUDE M r
[ .3 2.08
-5 1.26
N . 891
15,000 .3 3.49
-5 z.09
-7 149
W75 1.39
35,000 .5 %62
.7 3.30
.75 308

G

%00
L]
20735

Al
1185
-4
PR EEL]

-813
- 33
-273

1/ kAD

- 600
- 580
-.8i7

~. 820
-. 603
-. 622
~- 6§50

--620
-. 630
-.658

Ay
16,5
18.5
18,5

0.y
29.4
29.4
29.4

5%.48
9.8
59.38
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5.3756
£.73
6.66

5.37%
5.73
6.68
65.30

5.73
6.68
6.30

Cry

1{RAD

-075
-071
-G8

» 083
074
13
- 089

086
-heg
098

{,}
-, 0033%
£ 0039y
. 00683

- Q7D
- 0007
- 004ED
- 00408

- Q0762
000648
- 005481

.13
.08
0

25
.13
0

=, 33

-3z
0
-.586

C
1/RAD

- D60
-. 058
-. 060

- 063
=058
~.051
- 048

. 083
-.05%
-. 060

iy -

iy w

E} -

ca at .283 8
W = 12,500 LBS.

318

-0
225
-0L30

T
.01
N1
L0158

. 035
0196
-2z

Gy,

1/RAD

0.
- 017
--028%

-0%0
=00
-.038
-+ D26

016
-. 0%
-.012

.81
. 0659
.20%

THIS DATA WAS TAKEN FOR & TIP TANKS OFF CONDITION

Y C,

e Dy

(FIV]

248 00601
0837 L 001N
L0851 L0180
1T .020%
L1686 + D006
- 0984 L0227
102 L0481
1399 . 0293
.235 0830
L2458 .083

CHP C;b

LiRAD i1 {RAD

- 020 420

. E T

- 080 - 630

-, 065 -.420

BT L1

- 042 -.530

-. 005 ~.480

-.033 L

“. 040 --430

-. 010 ETY
Toeo
£; = 2B FT
z‘/t-- L0372
7 -0

chu
[FETT
- 188
~.218
=310

=- 199
=218
=30
-0

- 218
-.310
s 31%

A

r
1/RaD

- 360
-327
-3y

. 380
=340
-360
360

1.1
-350
+ 300

Cm

M

= 00415
-, 00527

“. O046T |

-. 00733
-. 0095
- 00818
+. 00208

--0228
- 0198
+. 0048t

Ly,
HikkD

-. 150
-. 150
- 162

~ 18l

T 1B0

-. 18l
- 178

=182
~. 1 8%
-. 172

c”ba
1/RAD

BN TS
- 0185
«. 0176

~- 00923

~. 00878
-, 0010
~a 913

-, 00N8)
-+ 00543
= 10567

&,

Eal
(KLY

-128
. 0756
062

185
<085
-080
- 088

176
«13%
10

Cmpg
1/ RAD

-+ 031
. 0345
-.030%

-. 0207
027
- 024N
-. 9256

--0107
0120
-~ 0125

Cn,

~O0isE
00082
. 00087

< 00328
00112
-Do10%
»D0kN2

00250
- 00l
00k 44



PERIOD P-SECONDS

DAMPING RATIO €

[ .2 .4 .6 &8

MACH NO, - W
A-|7 CALCULATED T-33A RESPONSE DATA, TIP TANKS OFF

SHORT PERIOD MOTION
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PERIOD P, SECONDS

DAMPING RAT/O, g‘

MACH NO, « M

A-18 CALCULATED T-33A RESPONSE DATA, TIP TANKS OFF,
DUTCH ROLL MOTION
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STAB, ROOT CHORD

MAC 80,6 IN. }-

FUS. STA. t70.02 —-
15,28 IN.
38 FT 10.50 IN.- —|- |

g [

i
FUSELAGE REF. LINE @ & FT 9 IN, FUSELAGE REF. LINE

37 FT 8.625 IN. -

I
1

be— 14 FI. 1.9 IN [1° 451 ‘ f
0 40 80 (20 FIN ROOT CHORD

SCALE-IN GROUND L INE

A-19 THREE VIEW DRAWING OF T-33 AIRPLANE
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