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Preface 

This report is a result of my study of the General 

Electric Self-Adaptive Control (GESAC) system. I have 

attempted in this report to provide a departure point 

for studies of this or similar systems by outlining a 

method for optimising the analog simulation. In addition, 

the gain-changing dynamics of the non-linear frequency 

sensor were considered, and the effects of noise on system 

operation were observed. 

I would like to take this opportunity to express my 

appreciation to the many people who have helped make this 

report possible. My thanks go to Major John H. Blakelock, 

my Faculty Thesis Adviser, and to Lt Thomas J. Hayes, my 

Thesis Sponsor, both of whom have been a source of advice 

and guidance throughout the course of this study. Also, 

I would like to thank Mr. Richard Boucher of the General 

Electric Company, who was of great assistance in my quest 

for an understanding of the basic principles of operation 

of the GESAC system. 

I would also like to express my appreciation to 

Major Joseph B. Evans who worked tirelessly to help iron 

out the many difficulties that arose in the process of 

this simulation and to Lt Eugene Henry, wno, while on 

military leave from the University of Notre Dame, made 
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important contributions to the design of the frequency¬ 

sensor simulation. My thanks also go to Capt Stewart B. 

Herndon) who generously devoted time from his thesis work 

on the digital computer (IBM I6fi0 ) to check the validity 

of my root locus data. 

Finally) I would like to thank my wife who, in addition 

to maintaining a houseful of eight children, was of great 

help in the preparation of this report. 

Thomas J. Deegan 
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* 

Sybol» and Daflnltlon» 

All tha »ynbolfl usad In this report ara defined below, 

azeapt for those which are defined in the text. 

PiBenslonal Onit» 

Distance feet 

Tiza seconds 

Angle radians (unless otherwise stated) 

Force pounds 

Aerodynanic Notation 

■ nass 

h 

? 

c 

<U 

8 

V 

M 

ot 

8« 

è 

M 

L 

altitude 

air density 

wing chord 

dynamic pressure (1/2 

wing area 

airspeed 

Mach nunber 

angle of attack 

elevator angle, positive down 

pitch angle 

pitching moment about y-axis, positive nose up 

lift, force in plane of symmetry, normal to 
relative wind, positive up 
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Svbols and PefiBltiona 

Aerodynaiilc Notation 

CL lift coefficient L/l/2 eV2S 

C pitching moment coefficient M/1/2 

lu 

Ls 
Mo, 

MS 

MS 

(eSY/2m) Cu 

( 9 SV/2m) CLi 

(l/2 9V2Sc/Iy) Cm-< 

(1/2 9Y2Sc/Iy) Cms 

(1/2 e V2Sc/Iy) (J^) Cm6 

(l/2eV2Sc/ly) ( c) Cm . 
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Abatract 

This report describes the analog simulation for the 

longitudinal axis of the General Electric Self-Adaptive 

Flight Control (GESAC) System, as proposed for use on the 

X-15 aerospace vehicle. 

The gain-changing dynamics of the non-linear loop are 

considered briefly and the effects of noise on system operation 

are observed. 

A method of optimising the system simulation by first 

considering the non-linear loop independently is described 

in detail. 

It is shown that this system is capable of maintaining 

aircraft stability throughout the 1-15 re-entry flight 

profile and that noise introduced during system operation 

does not seriously degrade system performance. 

xi 
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ANALOG SIMULATION AND ANALYSIS OF A NON-LINEAR 

SELF-ADAPTIVE FLIGHT CONTROL SYSTEM 

I. Introduction 

Purpose 

The purpose of this study is to investigate the dynamic 

behavior of a specific self-adaptive flight control system 

which incorporates a non-linear frequency sensor in its 

adaptive loop. By means of analog simulation, a method of 

optimising this non-linear loop is presented. 

The particular system investigated is the General Electric 

Self-Adaptive Control (OESAC) system. The system was orig¬ 

inally designed for advanced fighter aircraft and has been 

flight tested in an F-106 type aircraft. It was later 

modified and proposed for use on the 1-15 and the Dyna-Soar 

lifting re-entry vehicle. This study will consider only the 

GESAC application to the 1-15 type aerospace vehicle. 

Defining the Self-Adaptive System 

A survey of the literature in the automatic control field 

reveals a surprising difference of opinion as to what should 

properly constitute a self-adaptive control system. For the 

purposes of this study the definition proposed by Rath (Ref 1) 

will be adopted, i.e., a self-adaptive system is one which 

forces the response of the controlled element to follow an 

optimum or model response by sensing internai loop parameters. 

1 
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The difference between this system and the ordinary adap¬ 

tive system (such as the air-data system which adapts its 

response as demanded by the air-data sensing loop) is that in 

the self-adaptive system, the adjustment is based on measurement 

of the dynamic response itself rather than on the measurement 

of some external environmental parameter. 

Method and Scope 

The GESAC system is analysed mathematically by use of 

root locus techniques and by means of an analog simulation. 

Various flight conditions are selected (Table 1, page 24) 

which represent a typical re-entry flight path for the 1-15• 

The stability derivatives for these flight conditions are used 

to find the aircraft transfer function^, and a root locus plot 

is made fop three representative flight conditions (omitting 

the non-linear frequency-sensor loop). 

packground 

The increased use of modern high performance aircraft and 

the genesis of the lifting re-entry vehicle for accomplishing 

military missions in space have introduced severe aerodynamic 

stability problems into flight control system design. 

In the days of propeller-driven subsonic aircraft with 

their inherent stability, the pilot was able to control the 

aircraft throughout its flight envelope by a simple mechanical 

system of levers and pulleys. As aircraft capability approached 

Mach 1 the inherent stability decreased and artificial 

2 
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stability damping became desirable. With the penetration of 

the sonic barrier, air vehicles have entered the supersonic 

regime, and stability damping has become mandatory. In addi¬ 

tion, the dynamic behavior of the supersonic aircraft demands 

response times which are not consistent with human reaction 

times. For these reasons, the latest operational air weapon 

systems in some instances require completely automatic flight- 

path control for successful mission accomplishment. 

An appreciation of the stability and control problem of 

high-performance aircraft can be realized by analyzing the 

assumptions underlying the mathematical solution to the equa¬ 

tions of motion of the aircraft. The motion of a rigid body 

can be completely described by a set of six differential 

equations. Three equations 

describe motion of trans¬ 

lation of the center of gravity 

(c.g.) along each of the 

three axes (u, v, and w), and 

three equations describe 

rotation of the aircraft about 

the c.g. (p, q, r), as indicated in Figure 1. 

These equations are normally treated by dividing them 

into two seta, the first set describing the longitudinal modes 

(q-pitch rate, u-forward velocity and v-slideslip), and the 

second set describing the lateral modes (p-roll rate, r-yavr 

rate and v-slideslip). By assuming that the u-v axes lie in 

Fig. 1 Aircraft Awes 

3 
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the plane of symmetry and that p and r undergo only small 

perturbations, the coupling effects between these two sets 

of equations can be neglected and the equations more easily 

handled. 

In the transonic and hypersonic regime, the coupling 

between these equations is increased, partly due to reduced 

surface effectiveness because of aeroelastic effects and 

partly due to the large differences in the moments of inertia 

about the u and v axes. One solution for increasing the 

surface effectiveness is to increase the control surface. 

But since increasing the size of the control surface beyond 

a certain point results in excessive drag, the only alternate 

solution is to provide some sort of stability augmentation. 

Since aircraft characteristics vary with such factors as 

Mach number, dynamic pressure, and aircraft configuration, 

the amount of stability augmentation needed also varies with 

these parameters. The design of previous flight control 

systems (including some for supersonic aircraft) has relied 

largely on air-data sensing. That is, the response sensi¬ 

tivity or system gain was scheduled into the system as a 

function of ¿''¡ach number or dynamic pressure. This method 

requires a thorough knowledge of airframe dynamics throughout 

the flight envelope, which can only be obtained from an 

extensive flight-test program. This method of air-data 

control has the disadvantage of being costly, complex and 

4 
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cumbersomej since each system must be tailored to each 

individual airframe* In addition) when considering lifting 

re-entry type vehicles) air-data sensing on the fringes of 

the atmosphere becomes extremely difficult. It is for these 

reasons that the concept of a self-adaptive system is con¬ 

sidered a major breakthrough in the automatic control field. 

Method 

The basic equations used are those which describe the 

longitudinal short-period mode. The phugoid mode is not 

examined since its period is long enough not to present a 

control problem. Blakelock gives a detailed explanation of 

the assumptions made in arriving at these equations. (Ref 2) 

The major assumptions are that both the effects of speed 

change and flight path angle on the short-period mode can be 

neglected. The equations are as follows: 

ÓC ~ Q - - L* Ui 

From these equations, the transfer function of the aircraft 

is obtained. 

Combining this transfer function with the transfer 

functions of the other system components yields the charac¬ 

teristic equation of the system. The poles and seros of the 

5 
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characteristic equation are plotted and a root locus analysis 

is made for each flight condition. These results are then 

compared with the analog computer simulation results, both 

to check the simulation and to serre as a method of system 

familiarisation. Since the gain-changing loop is non-linear 

and hence not amenable to description by linear differential 

equations, it is analyzed solely by means of the analog 

computer. 

Plan of Report 

Chapter II contains a description of the system operation 

with particular emphasis on the operation of the frequency 

sensor loop. In Chapter III the detailed mechanization of 

the system as simulated by means of a Reeres Analog Electronic 

Computer (REAC) is described. Chapter IT presents the 

analytic inrestigatlon in which the root locus method is used 

and in which a linear fixed-gain system is assumed. Chapter 

▼ is devoted to the investigation of the gain-changing 

dynamics of the frequency sensor loop, and the procedure 

arrived at for the optimization of this non-linear loop, in 

Chapter VI the Conclusions and Recommendations for further 

effort are summarised. 

6 
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II. System Operation 

The Model Concept 

The difficulties involved in using normal feedback 

techniques for solving the flight control problem for high 

performance aircraft are due not only to the fact that the 

aircraft dynamics vary rapidly over wide ranges as a function 

of environment, but that the relationship between the air¬ 

craft and its environment cannot be accurately described 

mathematically. A fixed high-gain linear feedback system 

used under these conditions results in sluggishResponse at 

one end of the spectrum and instability at the other. This 

dilemma prompted the search for a system which would maintain 

optimum system gain independent of aircraft characteristics. 

Campbell was probably the first to propose the use of a 

reference model in flight control systems (Ref 7). The idea 

consists of inserting in the system a filter or model, which 

represents an ideal transfer function. If the loop gain is 

kept at a high value, it can be shown very easily that the 

response of the system can be made independent of aircraft 

characteristics. Consider the system represented by the 

block diagram in Figure 2. 

Fig. 2 Block Diagram of System with Model (M) in Prefilter 

7 
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The transfer function for this system can be expressed as: 

= M 
KG 

I + KG 
M 

G 
-L + G 

{'4 » 

As the loop gain K is increased, then 

JUsn. -5- = M (4) 

Similarly, if the system were to contain a feedback element 

as in Figure 3» 

R 

then 

Fig. 3 Inverse Model in Feedback Loop 

KG _ G _R_ _ 

C + KG 
H 

±+<L 
K H 

(5) 

and 

Ia/tyi R 
K— CO C 

— = H 
G_ 

H 
(6) 

Thus, the system response is dependent only upon H for 

conditions of high forward loop gain. 

8 
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These simple examples illustrate the fact that the model 

can be placed either at the input as a prefilter, or in the 

feedback loop as a feedback compensation. A combination of 

input model and feedback compensation can be used to control 

independently the response to commands and the response to 

disturbances. Figure 4 indicates a combined system, where 

D is a disturbance input. 

c 

D 

P 
i \ 

Fig. 4 Combination of Prefilter and Feedback 

Model with Disturbance 

As indicated previously, 

In this example R 

R_ 
C 

KG 

D--0 H 

Cso l -p KGH 

and for high gain "o 
C- o H 

for high gain. 

(7) 

(8) 

9 



Gà/EE/61“1 
Therefore, the response to s comnand input is determined by 

adjusting M, while the response to the disturbance input can 

be mininised by increasing the feedback compensation H. 

The next question that arises in the study of eelf- 

adaptive systems is the feasibility of designing a model 

possessing the desired characteristics of the air Tehicle. 

The desirable response characteristics for piloted aircraft 

hare been specified in terms of inrariant transient response 

by Chalk and Bull (Ref 3 &n<i ^ * 

Schuler, et al, ha« shown how the data repre.enting 

the desired response can be used to synthesise a model with 

. second order transfer function, which provides an optlau. 

response for wide ranges of dynamic pressure (Ref 5). 

Figure 5 is a block diagram of the QESAC system. The 

combination of the canceller and direct feedback loops 

represent the inverse model illustrated in Figure 3- The 

ayste. designer, chose this approach rather than the direct 

model design in order to provide the system with a better 

__ r„.oonee to disturbances such 

input. 

Fixed 0*1d Sygtea Operation 

If the frequency sensor 
block in Figure 5 is disregarded, 

the system would become a linear fixed gain Type 1 servo 

eyatem. A pitch rat. command 1. pa.s.d through the integra 

r_^l , summed with the two feedback voltages (the 
tor, 



a e

Kz

i+1Zp

K3
X

I
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FR£Q
Sensor

Canceller

Rate
Gyro

Figi-r° 5 GKSAC }-lock Diagrar.

Fi,‘’ur<" ■> Root Locus Sketch of System
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direct K, 0 , and the canceller , ^•c— 6 and multi- 
* / + Tc p 

plied by the fixed gain Kj. This voltage is then applied 

to the actuator which results in a signal to the aircraft 

and in turn a response in pitch rate £ . 

System operation is best understood by reference to a 

typical root locus sketch as illustrated in Figure 6. As 

previously notedy the basic concept depends upon maintaining 

the open loop gain K sufficiently high so that the closed 

loop transfer function is essentially determined by the 

model in the feedback loop. Ideally this response would 

occur at infinite gain. As the open loop gain K increases, 

however, the root locus branch originating from the actuator 

pole (the dominant mode) goes unstable at some finite gain. 

The objective is to maintain the open loop gain as high as 

possible, and still keep the system stable. 

The operation of the system depends upon providing feed¬ 

back seroes which will adequately compensate the aircraft 

poles. The frequency of the aircraft or control mode varies 

from 0 to 5 radians per second while the frequency of the 

dominant mode varies from approximately 2d to 45 radians per 

second as the open loop gain goes from zero to infinity. As 

a result of this difference, the frequency at which the 

dominant mode goes unstable remains relatively fixed as the 

control mode frequency varies with flignt conditions. 

12 
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In a report oí the F-106 flight test eraluation of this 

ayaten, the authors di.cua. in some detail the considerations 

which led to the selection of the frequency of the actuator 

mode aa the criterion for adapting the system response (Ref 6). 

They also present sereral methods used in the preliminary 

design stages for the sensing of this frequency. Since this 

study is concerned only with the analysis and optimisation of 

the present system, these design factors will not be discussed 

yyqiitncy-Sensor Loop Operation 

In the prerious section the system was examined as a 

fixed gain linear feedback system. In this section the 

operation of the non-linear frequency-sensor loop will be 

described by reference to Figure 7. 

The frequency-sensor loop detects a system rariabl. 

(frequency) and compares this quantity with the optimum 

Talus. When a difference exists, an error signal is sent 

back to the system which corrects system operation toward 

optimum again. The input signal goes through a rel.tiT.ly 

, T S* _ 1 where T is chosen 
broad band-pass filter ^ (j + J 
ao that the pe.k amplitude of the filter occurs at the 

reference frequency (Ul.). This filter produce, a 12 db/ 

octave rise and decay around this peak frequency. The purpose 

of the filter is to Isolate the frequency of the mode being 

detected by the frequency sensor from the lower frequency 

13 
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aircraft mode or from the higher frequency structural and 

rate gyro modes* This signal is then passed to a Schmitt 

trigger circuit which results in an output of constant 

amplitude peak-to-peak square waves at the frequency of the 

incoming signal. Since the Schmitt trigger detects only 

zero crossings of the incoming signal, amplitude variations 

with frequency within the bandwidth of the input filter will 

have no effect on system operation. As indicated in Figure 

7, this signal is then passed through a differentiator which 

results in an output of positive and negative spikes repre¬ 

senting the positive-going and negative-going voltages of 

the square wave. The clipper eliminates the negative spike, 

leaving the positive one to excite a mono-stable multivibrator. 

The output of the multivibrator is a square wave with a pulse 

width ( To ) set internally to represent the half period 

of the desired frequency ( CJ0 ). This pulse occurs at the 

same frequency and amplitude as the output of the trigger 

circu.it. When the output of the multivibrator is subtracted 

from the output of the trigger circuit, the difference is 

integrated and applied through a signal-shaping circuit to 

a gain-changing servo which changes the system gain so as 

to make the half period ( ^ ) of the sy8tem 

equal to the half period ( T ) of the multivibrator. When 

these signals are exactly equal, the system will be operating 

at its optimum point as seen from the root-locus sketch 

15 
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(Figur« 6). A feedback loop from the integrator to the 

multiribrator provides for automatic adjustment of Tl in 

the direction of . This serves as a smoothing circuit 

for the corrective voltage applied to the system. The 

signal shaper improves the signal-to-noise ratio and limits 

the voltage applied when there is an extreme difference in 

the frequency of the system and the frequency of the 

multivibrator. 

In the next chapter the simulation of the overall system, 

and of the frequency sensor loop in particular, is described 

in detail. 

16 
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HI. STatem Simulation 

For purpoaes of description in this chapter the OESAC 

system will be divided into two main subsystems. The first 

part described is the outer loop or fixed-gain portion of 

the system. This includes everything but the frequency¬ 

sensor loop which is described separately. 

In Figure 8 the system block diagram is shown again 

for convenience, indicating the location of the frequency 

sensor by the dashed lines. Figure D-l (gatefold) in 

Appendix D illustrate, the simulation of the block diagram 

in Figure 8 with the frequency-sensor loop again enclosed 

by dashed lines. The transfer functions for the aircraft, 

actuator, and the canceller in the feedback loop are indicated. 

Fig. 8 System Block Diagram 

17 
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The rete gyro in the feedback loop was neglected in 

the aimilation since its natural undamped frequency is so 

high («pproxlMt.ly VOOcp»! th«t it ha* negligible effect 

on the root locue. The potentiometer settinge for each 

flight condition are Hated in the appendix. 

Frequency Sensor Loop Simulation 

A« deecrlbed in Chapter II, the frequency senaor loop 

conaiate of a Schmitt trigger circuit, a differentiating 

and clipping circuit, a .ono-.table nultiTlbrator, a com¬ 

parator, an integrator, and a ehaplng circuit at the output 

to the gain-changing cerro. The elmulation used for the 

ahora componente le ehown in Figure D-l along with the eine- 

ware generator which le ueed for teat and calibration. 

The frequency eenmor loop operate« «« »» «"or eignal 

which ie taken from the canceller circuit in the orerail 

system feedback loop. The frequency of this error eignal 

i. then compared with the de.lr.d reference frequency ( uJ. ) 

generated in the multlrlbrator circuit, and the difference 

1,-represented by a roltage at the output of the frequency 

aeneor loop. After paaeing through a filter, thi. roltage 

1. need to dries a »erro which rarie. the sy.te. gain to 

maintain the frequency of the actuator poles equal to the 

desired frequency of the frequency sensor. 

18 
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The filtered error signal is first applied to a Schmitt 

trigger circuit (SU-15 Figure D-l) which senses zero cross¬ 

ings of the input and results in an output of square waves 

limited to +50v and -25t (see Figure 9). Since the bridge 

limiters used require an operational amplifier on their 

output, this square wave appears at the output of SU A-Ö 

limited to +25v and -50v. At this point the signal is split 

and performs two functions. First it is inverted again by 

IY A-16 and sent to the comparator and integrator IG A-3 

where it will be compared with the square wave out of the 

multivibrator. The other part of the signal is sent to the 

differentiating and clipping circuit as indicated in Figure 

D-l. The positive pulse from the differentiating circuit 

causes the output of SU A-16 to flip to its negative limit 

(-25v). This appears as a +25v at the output of SU A-9. The 

voltage from SU A-9 passes through potentiometer A-Ö9 into 

IG A-11 resulting in a negative-going ramo from its +25* 

upper limit. This negative ramp is then fed back to SU A-16 

where it is added to the +25v out of SU A-9 and the feedback 

voltage out of IG A-3* A® indicated in Figure whenever 

the negative-going voltage from IG A-li oalances out the 

positive voltage at the input to SU A-l6? the output of this 

amplifier will flip position again and the half-period of 

the multivibrator ends. Potentiometer A-$9 controls the 

19 



20 



Qi/Bl/61-1 

slop« of th« Mfätire-going r«*p out of IQ A-ll; heneo it 

controls th« half-period T. of th« Multivibrator. 

The liait l«v«ls on SU À-16 ar« adjusted to give a 

negative liait ahose Magnitude is twice as great as the 

positive liait. This is done so that the negative pulse 

into IQ A-ll will return it to its original positive state 

well within the half-period T.. Thus, the unequal liaits 

on SU A-16 decrease the recovery time of the Monostable 

Multivibrator. 

The resulting wave form out of SU A-9 as shown in 

Figur« 9 has a conatant peak-to-peak roltag. aa aet by th« 

Unitere, an orerali period T determined by the frequency 

of the error aignal (ayat.« frequency), and a half-period 

I. determined by th. adjuatabl. integrated yoltage out of 

10 A-ll. Thia aquar. «are out of SU A-9 ia then aubtracted 

from the aquar. ware out of th. Schmitt trigger and the 

difference ia Integrated to obtain a yoltage which ia propor¬ 

tional to the difference between the reference frequency of 

the multiTlbrator and the ayate« frequency. Thia voltage 

ia then applied through a aignal ahaper and filter to a 

aervomultiplier which changes the syatern gain in a manner 

which makee the ayate« frequency identical with tne desired 

frequency. 

The voltage out of 10 A-3 i» al»0 fed back t0 SU A"16 

.here it continually adjusts the half-period of the multi¬ 

vibrator T. until T. i. equal to X . The two square waves 
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are then identical; the input to IG A-3 is two and the 

output is proportional to the difference between the syatea 

frequency and the desired frequency of the Multivibrator. 

By means of this feedback voltage, the half*period of 

the multivibrator is varied about the nominal value set on 

potentiometer A-d9. The effect of this bias voltage is 

shown in Figure 9. When the system half-period is greater 

than the multivibrator half-period, the bias voltage is 

positive and it adds to the positive voltage from SU A-9, 

thus increasing the time it takes the negative-going ramp 

from IG A-11 to flip SU A-16 and hence increasing T#. When 

the bias voltage is negative (T#>£), it subtracts from 

IG A-11, and T. is decreased. In this manner, the bias is 

varied every half-period until the periods of the two square 

waves are equal. Thus the output of IG A-3 is proportional 

to the deviation of the input signal from the nominal fre¬ 

quency ( CJ0) • The dynamic behavior of the frequency sensor 

is determined in large part by the bias level set on poten¬ 

tiometer A-Ö5. In addition to acting as a smoothing circuit 

on the error voltage applied to IG A-3, this feedback loop 

prevents IG A-3 from overloading by keeping the error signal 

small. 

Frequency Sensor Shaping Circuit 

As indicated in Figure 10, SU B-l, SU A-13 and IV A-11 

followed by pot A-38 all are used to fhape the output of 
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10 A-3 as shown. Pots B-Ö4 and B-Ö5 and the corresponding 

diodes are used to limit the width of the dead sons caused 

by the output of SU B~1 cancelling the direct voltage through 

SU A-I3. The output from SU A-13 within this sone ie then 

determined by the pot setting of A->o. The system was 

calibrated to give a peak output of 4O volts corresponding 

to a difference between system frequency and (J# of 5 radians/ 

second. For greater differences of frequency the signal is 

attenuated. This minimises the effect of signals due to noise 

or switching transients that would falsely indicate the need 

for large corrections in the system. 

Sine Wave Generator 

The sine wave generator used for calibration and optimis¬ 

ation ie shown in Figure D-l adjacent to the frequency sensor. 

During calibration the sine wave generator frequency is 

determined by the setting on pot A-64 ( "35 radians/ 

second was used as explained in Chapter IV). The roitage 

out of SU A-7 was then passed to SU A-15 through the frequency 

sensor filter and pot A-69 adjusted until the output of IQ A-3 

is *«ro. Thie calibration method insures that the half-period 

of the mono-stable multivibrator coincides with the desired 

U. . Thie sine wave generator was also used to optimise 

the frequency sensor loop as described in Chapter IV. 
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IV. Analytic Investigation 

Root Locus Analysis 

Assuming the system operates as a linear, fixed-gain 

(K^) system, it is possible to analyze the system operation 

by means of root locus techniques. In order to use the 

root locus method, the fundamental equations describing 

system properties must be written in transfer function form 

for each component. 

From the equations of motion of the aircraft 

Ö = Mj 0 + + + 6« 

- Ô - Lt ec - 

the following transfer functions in Laplace notation result. 

mu = 
àti» 

¿LUI 

s (m^-Lt Ms _ 

s Mj + Ma Lq<__ 

^ 5 — M| - 

From the above equation for Qd) 

SeCS) 
the natural undamped 

frequency and damping ratio may be expressed as: 

CO* = (- M* - Mj L*y 

P — Lw — 
^ Z UJ^. 

The flight conditions (Table I) selected for which the 

1-15 stability derivatives were evaluated represent a typical 

re-entry mission profile. A sample calculation for the 

25 



GA/EK/61-1

t - 90 second case is shown in Appendix A. Table A-1 presents 

the niuierical data used to eraluate the stability derlTatlres 

for each flight condition. Using these data and the equations 

for and f the results shown in Table II were obtained.

Table I

1-15 Flight Conditions 

OL • angle of attack

9 = i e V*-

Table II

Variation of Aircraft Paraaeters 
with Flight Conditions

undaaped natural freq. 
f* » damping ratio

t

h

lOv^Cft

i-i

: ach r tPSf)
oc,

(OEG)

0 ?2b 5.6 22.1 0

20 211 5.3 26 0

40 147 5.5 92.1 0.4

60 102 5.9 576 2.6

74 ?0 5.4 1042 5.0 1

^0 17 li • S ^60 1.1

z OO^ f
0 ('.390 0.00391 '

?0 0.563 0.00542

40 1.229 w.CK.l

60 3.330 0.0289

74 S.140 0.0475 I

90 4.130' 0.0551

In order to outline the method used in the root locus 

analysis, the values for t - 90 sec will be shown in this 

illustration. The remaining flight conditions for wh,' ch the 

root locus plots are shown, were evalviated in a similar manner.
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U«in( Täluta tt t - 90 aec tha aircraft aquationa 

bacoma: 
6 =-0. l3 2Z¿-0.04é>3<¿ -1.71 oí - 122 

and 
04 = Ô - O ZU,7 oc - 0.03 7 Z S« 

For thia caaa the aircraft transfer function of interest 

becomee: 

KG 12.2 S + 2.7 £_ 
S Cs1-»- 0.4SS 5 -+• 17.14) 

The transfer function for the 1-15 actuator as described 

in Reference 5 is: 

KG8tT I 00 Q_ 
S1 31. b S + IOOO 

The system block diagram (Figure Ö) is simplified for 

analysis and put in the form of Figure 11. The details of 

this block diagram .manipulation are shown in Appendix A. 

9 

U 

Fig. 11 Simplified Form of System Block Diagram 
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Th« trsnifer function of the systeni is now of the for« 

KG , The characteristic equation i +KGH is then 

plotted in the complex frequency plane and by means of the 

root locus technique the system static loop seneitlrity K' 

at which the system becomes unstable is calculated. The 

corresponding value of the variable gain Kj can then be 

computed as indicated in Appendix A. 

Figure 12 shows a composite root locus of the flight 

conditions for t = 0 sec, t = 74 sec, and t - 90 sec. The 

t - 0 sec and t = 74 sec cases are the extreme, within which 

the aircraft parameters vary and the t » 90 sec case is 

indicated since it was the one used for the optimisation 

on the analog computer. 

Selection of an Optimum jOo_ 

Before attempting to optimise the frequency sen.or loop, 

it is necessary to select an optimum reference frequency. 

This selection is made by analysing the root locus plot, in 

Figure 12. The frequency of the dominant mode (due to the 

actuator) is limited on the high side by system instability 

and on the low side by both too high a damping ratio and a 

too low an undamped natural frequency. The recommended damp- 

. , nvstftm reeronsa is 0.2 < ? ^ ing ratio for deeiratxo iroy 

Uef 5)- For the t - 90 sec case the ? = 0.2 point occur, 

atu>- 35.5 on the root locus and the ? = 0.3 at 32- 

These points define the limits on the choice of Wo ■ 
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Fig* 13 Effect of Locus Variation on High CJ» Setting 

One of the factors to be considered before selecting 

an CJ. is the maxinua expected excursion of the doainant 

■ode closed-loop poles as a function of static loop 

sensitivity* Another closely related consideration in the 

actual systea is that the locus of the dominant mode aay 

change due to variation in actuator or rate gyro time conatanta 

As shown in Figure 13, if <*>o was set for too high a gain 

near the imaginary axis and the root locus were to "jump” 

to the right, the closed loop pole would be below cJ, and 
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th. fr.««.ncf *«»«'• th* -r,'l-u‘-3c'!' *f- 

being too lo« and try to incr.a*. th, gain, thu. ««king th. 

ay,tOT .«an .ora unatahla. Thle la obrioualy an und.slrabl. 

altvatlon ln an «utowitic flight control ayate». *• » 

.-.„in nf th, above conaideratlona, an optima, reference 

frequency (J. - 35 rad-'aec «aa aelected. 

Fro» the root locua plota, the variable gain K, required 

to »alntaln the dominant »ode at oJ« - 35 rad/eec wae 

calculated. The gain Ej required v. ti.e for th. re-entry 

path choeen 1. aho«n In Figure H- figure 15 lllu.tratea 

the rat. of change of Kj with ul for th. t - 0 and t - 90 

..c case, and Figure 16 pre.ent. a plot of the rate of change 

of «Ith ti», during the re-entry phase. The data 

fro» which the., curve, were plotted were obtained fio» the 

root locu. plot, for the variou, flight conditions. The 

data preaented her. -ill be used in the next chapter In con¬ 

junction with the result, fron th, analog emulation. 
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Fig. 15 Variation of Gain Ko with Frequency 
for the Two Extreme Flight Conditions 
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Time, in seconds 

Fig. 16 Variation of A/C with Time 
During Re-entry 
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V. REAC Optimization of System and 

Investigation of Gain Changing Dzsa¿££ 

Ideally aystem optimisation should simulate the system 

environment a. closely a. possible. In this case that would 

require changing the parameter, of the controlled element 

mith time in a manner similar to the actual 1-15 re-entry. 

Since the analog computer did not permit this flexibility, 

It ... necessary to trice a gi™ night condition and check 

the respond of the system to a step input with tho.e partic¬ 

ular parameters. The flight condition choe.n for the original 

optimisation ... at t - 90 seconds. A. indicated in Table I 

page 26, this flight condition occur, at h - 77,000 ft, M - 

g.«, and q - 860 Ib./eq ft .hich is representative for all 

flight conditions bslow this altitude. 

simulation Check-M gnd Calibration of the Outer Log 

Before syst« optimisation ... attempted, the outer loop 

part of the syst« (ererything except the frequency sensor 

loop) .» first checked to insure that it .as a «Hd ‘i"“1“' 

tion of the original system- The open loop aircraft transfer 

function checked by measuring the response of the uncon¬ 

trolled aircraft to a step input, hxampis. of this response 

nr. shown in Appendix C. The undamped natural frequency and 

damping ratio obtained fro. this response on the computer ... 
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th*n coaparsd with the relue obtained fro» the «athenatical 

tranaftr function. 

After the uncontrolled aircraft response was checked, 

the closed loop syst« was then connected, omitting the 

frequency sensor loop. The syste» gain (Ij) was then 

increased until the response fro. the computer indicated 

instability. The gain (I3) and frequency at which the syste. 

becane unstable was then compared with the ralu.s obtained 

analytically from the root locus plots. An additional check 

on the root locus solution, was -ad. by digital computer runs 

.. mentioned in the Preface. These values are listed in Table 

III b«low. 

Tabl« III 

,00t Locus r. computer value, of 

Values of K,at Instability 

t 
ROOT 

LOCUS 

R E AC 
RESULTS 

DIGIT A L 

RESULTS 

40 22.7 24.9 23.8 

-T- 
60 3.25 3.20 — 

74 \.<oZ \.(oQ /. 57 

90 2.15 2.0Ö 2.24 
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Error Criterion 

The error criterion, chonen for this optiasization procedure 

is the integrei of the time multiplied by the absolute error 

(ITiE). This error is defined as: \ü\ ~}éc-0l . This 

particular error criterion vas chosen since it beet reveals 

that error contribution due to both rise time and settlirg 

tiae (Ref 8). These two transient response parameters are of 

particular importance in optimizing the flight control system 

response. This circuit for mechanizing error criteria (ITAÄ 

circuit) is illustrated in Appendix D, Figure D-l. 

Independent Optimisation of Frequency Sensor Loop 

The optimisation of the frequency seneor loop was first 

attempted while it was operating with the complete system. 

Due to unpredictable interactions between the frequency sensor 

loop and the system, it was decided to disconnect the frequency 

sensor loop for preliminary optimization and work with it 

independently. This was accomplished by passing the output 

voltage (proportional to the difference in frequency of the 

input signal and the reference frequency) into a servo driven 

sine-wave generator which provided the input signal to the 

frequency sensor loop. This is shown on Figure IM as the 

calibration hook-up wnen function switch E-2A le in the up 

position. The sine wave generator now takes the place of 

the aircraft, actuator and inverse model by providing the 
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signal to the frequency sensor and at the same ti«e receiving 

the error signal from the output of the frequency sensor. 

This arrangement makes it possible to optimise the non-linear 

gain-changing loop for best transient response without the 

complicating interaction of the rest of the system. This 

procedure of treating the inner loop separately is similar 

to methods used in the synthesis of linear systems with 

multiple loops. Here the inner loop gain is first adjusted, 

followed by gain adjustment for successive loops which sets 

the poles for each loop to the desired values for optimum 

transient response. 

When this independent optimization has been completed 

the frequency sensor is reconnected to the system and the 

potentiometers are adjusted to compensate for the changed 

response due to the aircraft and actuator in the closed loop. 

Appendix B contains the itemized procedure and sample calcu¬ 

lations for optimizing the frequency sensor loop. The 

procedure will be outlined in general terms here. 

It can be seen from reference to the frequency sensor 

simulation in Figure D-i that the potentiometers influencing 

the gain changing dynamics are: pot A-o5, which determines 

the bias feedback; pot A-Ö9 which determines Lü. , the center 

frequency; pot A-3Ö which determines the slope of the shaper 

output; and pot B-37, the gain into IG A-5. The setting 

for pot Á-39 is determined by the original calibration ior 
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cj0 as described earlier. Pot A-3# was originally set to 

give a slope of 2:1 within the dead sone limits in order 

that the maximum error signal occurred at +5 radians/oecond 

from the center frequency. The approximate value of pot A-Ö5 

was calculated as indicated in Appendix B. With reference 

to Figure 9 page 20, it can be seen that the voltage fedback 

through pot A-#5 is added algebraically to the voltage out 

of IG-11 to determine the point in time at which the output 

of SU A-1Ó flips, thus ending the half-period of the 

multivibrator. If this voltage is too large, it is evident 

(for the case) that the second half-period will be 

much longer than the first thus overcorrecting T0, and in the 

limiting case tending to make the system unstable. Thus the 

setting of this potentiometer has an important effect on the 

gain changing dynamics of this loop. This is discussed in 

detail in Appendix B. 

The above procedures accounted for all of the attenua¬ 

tion settings except for B-#7, which can be represented as 

the loop gain. In order to optimize this setting a series 

of runs were made with the sine wave generator set at fre¬ 

quencies of +5 radians/second from the center frequency 

( U)* • 35) corresponding to maximum error signal from the 

shaping circuit. Pot B-87 was set at increasing increments 

of 0.05 for each run and the output, of the ITAE circuit was 
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measured at the end cf 10 seconds for each setting. Note 

that for this procedure, the error signal for the IÎAE circuit 

is provided from the output of IG A-5* The pot setting 

resulting in minimum ITAE was taken as the optimum. The 

results are shown in Figure 17. This plot indicates that 

for a sine wave generator frequency (OJsv/g) of 40 radians/ 

second, the ITAE minimum occurred at a slightly lower value 

than for an CJ swg of 30 radians/second. This is another 

indication of the fact that the system corrects itself faster 

when the system frequency starts to go too high toward the 

unstable right-half of the complex frequency plane. There 

are two reasons for this behavior. The first, most obvious 

one is that as the system frequency gees higher this also 

increases the pulse repetition rate of the multivibrator. 

The corrective loop therefore senses more samples per unit 

tine and is able to compensate by adjusting gain more rapidly. 

The second reason is indicated by reference to Figure 9 

page 20. For the case where Lü > úJo > the voltage out of 

IG A-ll is added to the voltage fedback from IG A-3 during 

the first time period that an error is detected. The correc¬ 

tive process in this case starts a cycle sooner, and on 

succeeding samples the bias feedback from 10 A~3 continues 

to be applied simultaneously with the error detection. This 

action enhances the system response ae a whole, since it is 

when the system frequency tends toward instability that it 



1 
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becomes advantageous to correct back as quickly as possible. 

With the attenuation due to pot B-£7 optimised, pot B-Ö5 in 

the feedback loop from IG Á-3 can now be adjusted for optimum 

transient response of the system, either by setting for 

minimum ITAE as described above, or by reference to the output 

of IG A-3- 

Optimization of Complete System 

After the non-linear loop was optimized as described 

above, it was then connected into the complete system (FSW 

B-2A Figure D-l in Down position). The setting for pot B-Ö6 

was calculated for desired when = 35 radians/ 

second as indicated in Appendix B. 

The response of the system to a step input dt of 3 

degrees/second (6 volts) was then recorded as indicated in 

Figure iSa. In this figure, the step input is superimposed 

on the response for comparison purposes. The excess lag 

indicated here in the system response was originally thought 

to be due to interaction between the frequency sensor and 

the remainder of the system. However with the frequency 

sensor disconnected and with fixed at a high gain, the 

best response obtainable from the system is indicated in 

Figure 10b. In order to compensate for the lag in the 9 

response a lead-type prefilter was added as shown 

in Figure D-l. As explained in Chapter II, the response 
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Fig Ha Original Response of System 

Fig l£b Response of Fixed, High Gain System 

Fig 18c Response of Fixed, High Gain System 
with Prefilter 
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to a command input ia readily optimized by adjusting the 

prefilter. The time constants T-^ * 1.5 sec and T,, * 1 sec 

were chosen for optimum transient response as shown in 

Figure Idc. 

The frequency-sensor loop was then reconnected to the 

system and pot B-37 was readjusted for minimum ITAS. The 

transient response for a step input remained as shown in 

Figure 13c. 

Figure 19 illustrates the voltage waveforms from the 

frequency sensor during typical operation. For the results 

shown in this figure, the sine wave generator was offset 

first to 40 radians/sec and then to 37 radians/sec before 

the system was turned on. Immediately the corrective voltage 

out of IG A“3 started to correct the system back to UJo = 35 

radians/sec. The gain-changing loop took approximately 3 

seconds to correct for both a Aco of 5 radians/sec and a 

AtJ of 3 radians/sec, which is another indication that at 

higher frequencies, the transient response per unit rate of 

gain change is improved. The servo multipliers used in this 

problem had an acceleration limit of 900 voits/sec and a 

velocity limit of 140 volts/sec, thex’efore the effect of 

tnis equipment on the transient response of the system was 

negligible. 

Figure 20 illustrates the typical operation of the 

complete system including the frequency-sensor loop, in 
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response to a Ö step input. Other examples of system 

operation ‘ire contained in Appendix C. 

Gain Changing Dynamics 

The gain changing dynamics of the frequency-sensor 

loop are examined for only the t - 0 and the t - 90 sec 

cases, since these two cases represent the two extreme require* 

menta for gain changing capability. 

For the t » 90 sec flight condition it is shown from 

th. computer trece in Figure 19 that the system is capable 

of correcting from a system frequency of W - i»0 to to - 35 

radians/sec in approximately 3 »ec- F1’0“ Figure 15, this 

would represent a rate of change of Kj with time (|t’) of approx¬ 

imately 0.25 units/sec. This is compared with the slope of 

the curve in Figure 11 which gives a maximum — in the t 90 

sec region of only 0.01 unita/eec, indication that the system 

has a more than adequate gain-changing capability for atable 

operation in this flight regime. 

For the t - 0 sec flight condition, using the same type 

of calculation, the system is capable of changing gala at a 

rate of units/sec (from Figure 15 and Figure 19) and the 

change of required ("sure ll! is only 2 units/sec. Based 

on the data obtained it would appear that the system has 

adequate gain-changing capability throughout the re-entry 

flight profile. 
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Effects of Noise on System Operation 

Figures 21 and 22 indicate analog results of the 

deterioration of system operation when subjected to unfil¬ 

tered noise inputs at and «x respectively. It is noted 

that the noise inserted in ot causes the system to go slightly 

unstable. However the frequency sensor is capable of 

recovering system stability immediately. 
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VI. Conclusions and Recommondations 

Conclusions 

Several conclusions can be formed as a result of this 

investigation. They are as follows: 

1. The GESAC system as simulated in this study operates 

satisfactorily in maintaining system stability throughout 

the normal 1-15 re-entry flight profile. 

2. Based on the simulation described in the foregoing, 

the system transient response can be Improved by addition 

of a pre-filter which inserts lead compensation into the 

system. 

3* The system responds well in the presence of noise 

levels up to 15 volts introduced into both 5C and ex . 

4* Where variation of component time constants with 

environment (temperature, etc.) cause extreme variations 

in the location of the root locus, it is theoretically possible 

for the system to go into unstable divergent oscillation. 

Recommendations for Future Efforts 

1. It ia recommended that representative flight condi¬ 

tions on the extreme boundaries of the 1-15 re-entry envelope 

be simulated with this system in order to more adequately 

define system limitations. 
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2. An Important area for further effort would be an 

inyeatigation of the effects on the system transient response 

of variations in component (actuator, rate gyro, etc) time 

constants due to environmental changes. 
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Appendix A 

Sample Calculations for Root Locus Plots 

In order to utilise standard Control System terminology 

the system block diagram as shown in Figure A-l can be 

manipulated into that configuration shown in Figure A-2 

as indicated below. 

Fig. A-l System Block Diagram 

K, 
' 5 -+- (k. 

K«TC s 
Tc s -+• l -) Ó £, = ec-e 

¿t - (öc+ 0)-¾1 ■+■ Kiè -f 
K^Tc s 
Tc s I 

6 

L 
~ ec + © 

st(K<Tc + KxTc) + s 4 K,T<0 -4- K> 
s (Tc S-h 0 
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The above equations indicate the transformation to 

Figure A-2. 

Fig. A-2 Block Diagram in Standard Form 

From Reference 5 kgact = 
I Û o o_ 

5»-4. 31 6, S -t- IOOO 

and - 1.0 K2 - 0.U3 K4*3.39 

To derive the aircraft transfer function, the two basic 

equations of motion were solved simultaneously for as 

indicated in Chapter IV 

ô çs) __ ~ M^Ls)_ 

Sr (5) 5 - Mo/ “ L (ki) 

Using the data from Table A-l, page 5b, the aircraft 

transfer function, evaluated for the t ~ 90 sec case is. 
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Table A-l 

Numerical Data for X-15 Equations of Motion« 

> 
sec M . ' 'oc M6 Ls 

— 

0 

20 

40 

60 

74 

90 

-.0011 

-.002 

-.0078 

-.0595 

-. 1541 

-. 1322 

-.0004 

-.0007 

-.0027 

-.0208 

-.0539 

-.0463 

-0. 1569 

-0.3173 

- 1.5083 

■-11. 11 

-26.41 

-17. 1 

-. 1131 

-0.2317 

-1. 1664 

-8. 51 

- 17.5 

- 12. 2 
— 

. 0016 

.0034 

.0114 

. 112 

. 2795 

... .2767 

. 0002 

.0004 

. 0022 

.0172 

.0417 

. 0372 

* Adapted from Reference 5* 

Fro« Figure A-2 the forward loop transfer function becomes 

0(s) - 
■1QÛÛ-13_ 
laM- 31.6s + 1000) 

12.2s 
8*+ 0.455s 

^ 2.75 
+ 17.14 

After substituting for K2» anc^ transfer 

function in the feedback loop becomes: 

H( s ) 
3.8(a*+ 4.61b t 10.53) 

s(s +40) 

Combining the above equations, with the variable gain, 

the open loop transfer function is obtained. 

GH(s) 
(1000)(12.2) (3-6)(8. + 0.225 ) ( 8a + 
s ( s ^ 40)( s5 ^ JITÜÖÜTT sl 

4.618 ^ 10.53) 
ÜT455S + 17.14) 

or: 

GH(s) 
-46.4 IC5 K3 (s + O.225)(s ^ 2.3 4 J 2»29) 
TTs^IÕHs + 15.6 ± j 27.4)(8 + 0.222 i j 4-14) 

The root locus of this open loop transfer function is 

shown in Figure 12. Similar computations were made for the 

other flight conditions. 
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Apptndix 8 

Optlalgation Proodure for tfte 

Analog SiMulatlon of tha GESAC System 

A aystematic method which can be used to optimize the 

simulation as presented in this study is outlined below. 

1. A root locus of the system (omitting the non-linear, 

gain changing loop) should first be drawn by plotting the 

open loop poles of the system characteristic equation. From 

this plot the variable gain (K-j) at the point where the 

system becomes unstable can be found for any given flight 

condition. 

2. After wiring the computer circuit, the individual 

transfer functions should be checked by measuring the frequency 

or damping ratio from the uncontrolled response to a step 

input into the individual component. 

3. The closed loop system, omitting the frequency 

sensor, is then checked by varying the gain (pot B-36) 

manually until the system output 9 just begins to oscillate. 

At this point the gain and the frequency of oscillation 

is measured from the computer trace and compared with the 

values obtained analytically from the root locus. If the 

computer circuit has been correctly set up, these values 

should match quite closely. 
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if. Next the frequency senaor loop is set up as shown 

in Figure D-l with FSW B-2A in the UP position for calibra¬ 

tion, and with the return from IG A-5 disconnected. This loop 

is now independent from the remainder of the system. Set pot 

A-Ö4 at the input to the sine wave generator for the desired 

center frequency ( ^ ■ 35 radians/second) and calibrate the 

multivibrator by adjusting pot A--Ö9 for zero output from 

IG A-3 * 

5. Calculate the approximate setting for the pot A-85, 

as shown under sample calculations in this appendix. Set 

remainder of pots in loop as specified in the list of pot 

settings. 

6. To calibrate the output of the shaping network, off¬ 

set the sine wave generator to 30 radians/second and adjust 

pot A-!# until the output of SU A-I3 is + 40 v. Repeat this 

procedure for £1/ swg = 40 radians/second and check the output 

of SU A-I3 for - 40 v. 

7. Connect the output of IG A-5 into SU A-10 at the 

input to the sine wave generator and adjust pot B-$7 until 

the ITAE output is minimized. (B-Ö7 optimized at 0.4 for 

the t = 90 second case). With pot B-87 fixed now adjust feed¬ 

back pot A-85 for minimum ITAE if necessary. Pot A-85 can 

now be optimized by adjusting for the best transient response 

of the output from IG A-3 (minimum settling time without 

excessive overshoot). The frequency sensor loop is now aet 

for optimum transient response. 
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6. Disconnect the output from IG A-5 into SU A-10 and 

connect SU A-2 into servo 5* This disconnects the sine wave 

generator and connects the frequency sensor loop into the 

system. Next compute the setting for pot B-#6 as shown under 

sample calculations. All other pot settings have been 

previously set as indicated. Now check system operation 

by measuring the system response to a step input 9 - } 

degrees/second. Any further refinements necessary can be 

made by readjusting pots B-Ö6 or B-67 for minimum ITAE during 

a timed response to a step input. 

9. For the above procedure note that the voltage out of 

IG A-5 represents the error signal for the ITAE, since this 

voltage represents the difference in frequency between the 

sine wave generator and the multivibrator. 

Sample Calculations for Pot Settings A-3$ and B-Ô6 

Pot B-36 at input actuator (refer to Figure b-1) should 

have a voltage output representing £36 2* ^rom root -*ocu8 

calculations for the t ■ 90 seconds case at CD = 35 radians/ 

second K3 =" .734* 

Assume gain of SU À-6 - 5 and servo offset 25v, then 

K3 * (B-Ö6) (0.25) (5) " O.734 6¿ 

B-36 - “ 0‘507 

59 



GA/EE/61-1

Calculations for setting pot A-E5 are shown below. Refer 

to Figure 9 for ware-fonn and to Figure D-1 for computer 

schematic. Take maximum ^ co = 5 radians/second

let ^ - 35 radians/sec T “ 0.179

^ “ 30 radians/sec T “ 0.209
AT - 0.030 

41 - 0.015 sec

Assuming the desired correction of the multiTibrator half- 

period to be one tirird then compute the f ;tenuation

necessary so that the voltage out oiT pot A-S5 when added to 

the output of IG A-11 will change the half perioa oy O.OO5 

second.

The integration rate of IG A-11 ■ 279 volts/second

?olts needed from A-85 “ (279) (0.OO5) - 1.39 volts 

Volts into A-E5 from IG A-3 = (750) (O.OI5) = 11.25 volts 

Attenuation necessary - 1.39 volts - 0 12L.
11.25 volts ^ ^

Therefore the approximate setting for pot A-85 - 0.124 

For the t - 90 sec case after optimisation as described 

above, the setting for pot A-d5 was 0.1265.
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Apperdix Ç 

Sample Analog Computer Résulté 
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Fig. C--1 Uncontrolled Aircraft Response 

to 0 Step Input (t - 40 sec) 

From Calculations on above plot: 

= 1.24 radians/sec 

Ç - 0.01 
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Fig. C-4 Recovery capability of Frequency Sensor 

Loop During System Instability 
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Appendix D 

Coaplete Analog Schematic 
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Vita 

Thomas John Deegan was born    , 

. He graduated from  High School in 

June 1943» which time he enlisted in the Army as an 

Aviation Cadet. He received his commission as a navigator 

in 1944 and was assigned as a B-17 navigator-bombardier in 

Europe until 1945» In 1946 he entered the Air Force pilot 

training program, which he completed in 194Ö. He subsequently 

served two years as a fighter pilot before leaving the service 

in 1950. He was recalled to active duty in 1951» after 

completing two years of college work at Texas Western College, 

El Paso. Texas. In 1952 he was assigned to the Institute of 

Technology undergraduate program, from which he graduated 

in 1954 with a Bachelor of Science equivalent in Electrical 

Engineering. His last assignment prior to entering the 

Institute of Technology in 1959 was in ARDC, where he served 

with WADC as Chief of the Flight Test Radar Branch, in the 

Flight Test Engineering Division. 
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