
"In presenting the dissertation as a partial fulfillment 
of the requirements for an advanced degree from the Georgia Insti­
tute of Technology, I agree that the Library of the Institution 
shall make it available for inspection and circulation in accordance 
with its regulations governing materials of this type. I agree that 
permission to copy from, or to publish from, this dissertation may be 
granted by the professor under whose direction it was written, or such 
copying or publication is solely for scholarly purposes and does not 
involve potential financial gain. It is understood that any copying 
from, or publication of, this dissertation which involves potential 
financial gain will not be allowed without written permission. 



A DYNAMIC ANALOG FOR SYNCHRONOUS MACHINES 

A THESIS 

Presented to 

the Faculty of the Graduate Division 

Georgia Institute of Technology 

In Partial Fulfillment 

of the Requirements for the Degree 

Doctor of Philosophy in the School 

of Electrical Engineering 

By 

Robert Dean Chenoweth 

June 1955 



A DYNAMIC ANALOG FOR SYNCHRONOUS MACHINES 

Approved: 

7T 

T^sy 

Date Approved by Chairman: if^s 



ii 

ACKNOWLEDGMENTS 

The author wishes to express his appreciation to the 

following men at the Georgia Institute of Technology who have 

materially aided in his work: to Dr. B. J. Dasher for his ad­

vice and assistance, both material and theoretical; to Dr. 

W. J. McKune for his suggestions concerning the writing; to 

Prof. E. R. Weston for his encouragement and effort in behalf 

of the writer; and to Mr, H, P. Peters for his assistance and 

co-operation with regard to the use of the network calculator. 

Recognition and thanks are also due Prof. L. M. Haupt, 

Jr., for the use of the Texas A and H network calculator, 

Prof. J. N. Shepperd of the English Department, Texas A and M, 

for reading the thesis, Miss Roberta Johnson for typing the 

rough draft, and Mrs. J. R. Biard for typing the final copy. 

The writer owes his opportunity to complete his gradu­

ate study in minimum time to the National Science Foundation, 

the Georgia Institute of Technology, and the Georgia Tech 

Alumni Association, all of whom furnished financial assistance 

when most needed. 

Words are inadequate to express ful ly the author ' s ap­

prec ia t ion and gra t i tude to Dr. P. 0. Nottingham for h is ad­

vice and insp i ra t ion and for other tangible and in tangible 

aids too numerous to mention here. 



iii 

TABLE OP CONTENTS 

Page 

ACKNOWLEDGMENTS 11 

LIST OP TABLES iv 

LIST OP ILLUSTRATIONS v 

ABSTRACT , vi 

CHAPTER 

I. INTRODUCTION 1 

History of the Solution by Analogy 
Mathematical Introduction 
Purpose of This Thesis 

II. DESIGN OP THE COMPUTER AND POSITION SERVO-
MECHANISM 10 

The Phase Shifter 
The Computer 
The Position Servomeonanism 

III. TESTS ON THE UNITS 26 

Measurements 
Sample Problems 
Practical Problems Encountered 

IV. CONCLUSIONS 39 

APPENDIX 

I. DESIGN OP THE NEGATIVE RESISTANCE AMPLIFIER ... 1̂1 

II. DESIGN OP THE COMPUTER AND SUPPLY lj.6 

III. DESIGN OP THE SERVOME CHAN ISM £l 

BIBLIOGRAPHY 60 

VITA 62 



iv 

LIST OF TABLES 

Table Page 

1. Components Used in the Servomechanism 52 

2, Design Constants Referred to the Phase Shifter 
Shaft 55 



LIST OF ILLUSTRATIONS 

Figure Page 

1. Block Diagram of One Unit 11 

2. Series Type of Negative Resistance • li|_ 

3. Circuit Diagram of the Negative Resistance l6 

1}.. Detailed Block Diagram of One Unit With Major 
Subdivisions Illustrated 2ii 

5. A View of the Installation on the Network 
Calculator 27 

6. Another View of the Installation Showing the 
Brush Recorders 29 

7. Typical Data Record of a Swing Curve 30 

8. Single Machine and Infinite Bus System ......... 32 

9. Two Machine Test System 33 

10. Three Machine Test System .. 3^ 

11. Open Loop Gain and Phase Shift l\.3 

1 2 . Modi f i ed Open Loop C h a r a c t e r i s t i c i j j 

13 - C i r c u i t Diagram of A m p l i f i e r t o Supp ly Wat thour 
Meter Element Number 1 L|_8 

l i^ . Speed v s . Torque C h a r a c t e r i s t i c of Two Phase 
Mo t o r • $li 

15. Open Loop C h a r a c t e r i s t i c of the Servomechanism . Sh 

16. Servomechanism Motor Amplif ier 57 

17• Exploded View of Servomechanism and Phase 
S h i f t e r 58 

18 . Servomechanism Gear Box 59 



vi 

ABSTRACT 

Modern electrical power transmission systems with their 

associated generating equipment require that their planning 

engineers analyze both transient and steady state conditions 

on these systems. The steady state analysis can be performed 

easily on existing network calculators but the transient 

analysis is more difficult to complete* Power system engi­

neers have long felt a need for some more convenient and less 

time-consuming method of study than is now available, 

This thesis describes the steps necessary for the de­

sign, construction, and tests of an economical analog type of 

computer and servomeonanism assembly to be used in conjunction 

with the network calculator at the Georgia Institute of 

Technology for the solution of transient stability studies. 

The basic idea of the analog computer unit follows a sugges­

tion by E. W. Kimbark in a discussion of an A.I.E.E. conference 

paper in 1938. 

The equation of motion of the individual machine to be 

represented on the network calculator is investigated and the 

usual assumptions are made in regard to speed, damping torques, 

saliency, voltage regulator, and governor actions. The re­

sultant equation for the k-th machine is 

- & - „ <PIk " p0k> • 



In this equation, 9k is the rotor angle; M is the inertia con­

stant of the machine; Pjk is the mechanical input power; and 

PQk is "the developed electrical power. The computer to be 

used with the network calculator must solve this equation for 

9k and position the phase shifter accordingly. 

In order to solve for 9^, the computer must be supplied 

with the values of the input and output powers of the machine 

represented in the transient study. The output power is sub­

tracted from the input power, and the difference is integrated 

twice with respect to time. The result of these operations 

will be proportional to the desired rotor angle of the machine 

and can be used to position the phase shifter. The basic ad­

vantage of Kimbark's suggestion over a special purpose com­

puter is that the double Integrator is the only additional 

equipment needed, since the existing network calculator will 

solve the equations of the electrical network. 

Of all the types of integrators available, the induc­

tion watthour meter was picked as the best for this applica­

tion, since a commercial two-element meter can perform the 

measurement of the powers, the subtraction, and the first of 

the two integrations. With modifications, as explained in the 

following paragraph, the meter will also perform the second 

integration. 

The electromagnets of the watthour meter produce torques 

in the disc which are proportional to the power supplied. If 

the inertia of the disc Is made proportional to the Inertia 
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constant of the machine to be represented, then the motion of 

the machine will be matched by the motion of the disc, pro­

viding that the damping and frictional torques in the watthour 

meter are eliminated. The effect of the frictional torque was 

eliminated by running the disc at a reference speed of 60 

r.p.m. and by removing this speed by means of a synchro dif­

ferential, The damping torque was greatly reduced by removing 

the damping magnets from the meter. The remaining damping 

torque due to the driving fluxes was cancelled by adding a 

driving torque proportional to the departure of disc speed 

from the reference speed. This driving torque was derived 

from the signal of a tachometer attached to the position servo-

mechanism. 

Because the watthour meter must not be loaded by ex­

traneous torques, there must be a torque amplification between 

the disc shaft and the phase shifter. This amplification is 

obtained through a position servome onanism. The angle-sensing 

device is a synchro transmitter whose shaft and bearings sup­

port the watthour meter disc and the additional inertia. The 

signal from the synchro transmitter is fed to the synchro dif­

ferential at which point the reference speed is removed. A 

synchro control transformer geared to the phase shifter shaft 

provides the error signal for the servo motor. 

As expected, the servomeonanism was found to have a 

small sustained oscillation due to the backlash in the gearing 

between the motor and the control transformer. This oscillatio 
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was eliminated by the addit ion of a tachometer feedback loop. 

The e r ror in t h i s servomeonanism with a constant veloci ty in ­

put of 60 r .p .m. i s 0.08 degrees. 

The mechanical angle of the phase sh i f t e r shaf t , as set 

by the computer-servomechanlsm combination, i s the ro to r pos i ­

t ion of the represented machine. This angle must correspond 

to the e l e c t r i c a l angle of the phase s h i f t e r ' s output vol tage. 

One way to accomplish th i s for a l l loading conditions i s for 

the phase sh i f t e r to have zero in t e rna l impedance, which may 

be a t ta ined by cancell ing the inductance with a se r ies capaci­

t o r , and by cancell ing the res i s tance with a negative r e s i s t ­

ance. The negative res is tance i s obtained from an amplifier 

which i s connected in se r i e s with the phase s h i f t e r . 

Following the de ta i l ed ana ly t ica l design of the nega­

t ive res i s tance amplif ier , the servomechanism and the computer, 

three un i t s were b u i l t , i n s t a l l e d , adjusted, and t es ted . The 

t e s t s were made on typical sample systems containing e i the r 

one, two, or three machines and an i n f i n i t e bus. 

The r e s u l t s of the s tudies were recorded on a Brush d i ­

r ec t -wr i t ing osc i l lograph, which recorded the output of a syn­

chro control transformer whose s t a t o r windings were pa ra l l e l ed 

with the s t a to r of the control transformer in the servo. Since 

the ro tor of the auxi l iary control transformer was blocked, 

the output was proport ional to the sine of the watthour meter 

disc angle. Therefore, i f the small er ror in the servomeona­

nism i s neglected, the phase sh i f t e r angle can be ca lcu la ted , 
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The test studies were checked by the step-by-step me­

thod and a maximum error of 15-0 per cent was found. This 

percentage is taken with respect to the largest excursion of 

any machine in the test. While this error may be too large 

for a few particular studies, in a majority of studies it could 

be tolerated. Should the system be observed to be near the 

stability limit in the analog computer test, the study may be 

rerun by the more time-consuming step-by-step method. 

Several refinements and modifications of design parame­

ters are suggested for the over-all improvement of a commer­

cial model. These modifications are not essential to the op­

eration of the analog computer but will lead to ease of opera­

tion and control of the transient stability study. 

The estimated cost of equipping a calculator is #500 

for each unit with an additional $200 for voltage regulator 

control. In order to be economically feasible the analog com­

puters must repay their cost by the operating time saved 

through their use. Their use in the more common steady state 

power flow problem would be to hold preset power outputs of 

the various generators which would materially reduce the time 

required to balance the system. The use of the analog com­

puter would eliminate so much time consumed and drudgery in a 

transient stability study that an increase in the number of 

such studies should be expected. 



CHAPTER I 

INTRODUCTION 

One of the major problems that confronts the electrical 

power system engineer is that of the transient stability of 

his particular system. Under any proposed operating condition 

the system should be able to absorb shocks such as switching 

surges or faults. Such disturbances cause the synchronous ma­

chines to oscillate, and the electrical network should be de­

signed to prevent the generators from losing synchronism with 

one another. Two methods are available to the engineer with 

which he may evaluate the transient stability of the power 

system. These methods are mathematical analysis and analysis 

by analogy. 

The mathematical approach is limited to systems that 

can be approximated by a two machine system because of the 

large amount of labor involved in the calculations when more 

than two machines are considered. By use of several methods 

the stability of the two machine system can be evaluated. 

Punched-card or digital computers can be used for systems of 

more than two machines; however, their use has been limited, 

primarily because a study has to be completed before any data 

are available. On the other hand, the trend of a study on a 

All superscripts refer to the bibliography. 



without completing the entire study and obvious errors cor­

rected or necessary changes Initiated immediately. 

History of the Solution by Analogy.—A large number of analogy 

methods have been proposed, developed, and used. The princi­

pal one, as far as use is concerned, is to represent the elec­

trical system on a network calculator, measure the power out­

puts of the various machines, and make a step-by-step deter­

mination of their rotor angles, plotting these data as "swing 

curves" . This method has the disadvantage of being extremely 

time-consuming since it may take several hours of computer 

time to determine the events occurring in one second of time 

in the actual system. This incremental method is also subject 

to errors due to the finite time interval used in the calcu­

lations. However, this error can be made small by use of 

small time increments. 

Boast and Rector^ developed a method of representing 

the mechanical constants of the rotating machines by resist­

ances and inductances In an all electrical analogy of the en­

tire system. This requires d-c amplifiers and photoformers 

as additional equipment and a preliminary study on the network 

calculator to determine the transfer and driving point impe­

dances of the network. Robert^ proposes the use of miniature 

three-phase machines with interchangeable rotors driven by 

d-c motors. Feedback amplifiers would be used to match the 

actual system and its time constants. Here the disadvantage 
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l i e s in the co3t and size of the equipment and the control of 

prime-mover speed and generator voltage during the set up 
L 

period. Concordia0 has used the mechanical d i f f e r en t i a l ana­

lyzer to determine the effect on s t a b i l i t y of governor and 

voltage regula tor ac t ions . This use i s l imi ted by the in ­

a b i l i t y of a moderate size d i f f e r en t i a l analyzer to solve the 

equations of the e l e c t r i c a l network in the general problem. 

The disadvantages of the analogies already mentioned 

are la rge ly overcome by Kimbark»s' proposal tha t a computer 

be coupled d i r ec t ly to the network ca lcula tor to pos i t ion the 

phase sh i f t e r s automatically in accord with the equations of 

motion of the rotor of the actual machine. The advantages of 

the proposal are twofold; the ex i s t ing network ca lcula tors 

are admirably suited to the solut ion of the network equations 

and the only addi t ional equipment necessary i s the computer 

to solve the equation of motion. In addi t ion, a control of 

t h i s type could be used very advantageously in s teady-s ta te 

load-flow studies to maintain the power output constant a t a 

p rese t value. This thes i s i s based on a computer of t h i s gen­

e ra l na ture . 
A computer following Kimbark's suggestion was developed 

Q 

by Cloues and Vance with addi t ional modifications and im-
Q 

provements by Heller7. The latter used two watthour meters 

as integrators. Photoelectric pickups were used to supply 

the error signal to the position servomechanlsm that controlled 

the phase shifters. Heller estimated that to completely equip 
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a network calculator with these units would increase the coat 

about twenty per cent. Van Ness , Shen and Lisser have de­

vised similar computers for those network calculators that use 

amplifiers and phase shift networks as generators rather than 

the more common type which use three-phase induction regula­

tors and phase shifters as power sources. The technical dis­

advantages of all these units that were based on Kimbark's 

suggestion are that they are one of a kind and have only been 

tested on systems that can be represented by one machine and 

an infinite bus. Thus, there is still a question of accuracy 

and practicability in the use of these units in a multi-machine 

system. 

Mathematical Introduction.--The primary results necessary from 

a study of the transient stability of a system are the swing 

curves or the excursions of the rotor angles of the various ma­

chines on the system. Certain simplifying assumptions are 

usually made for the purpose of facilitating the solution. 

These assumptions are I 

1. The speed of the machine remains practically con­
stant during the test period. 

2. Damping torques are negligible. 

3. The machine is represented by the direct axis tran­
sient reactance in series with a constant electro­
motive force whose electrical phase angle is pro­
portional to the mechanical angle of the rotor. 
This angle Is measured with respect to a synchronous­
ly rotating reference. 

k. The power input is constant during the test period. 



5. The electrical power measured on the network calcu­
lator corresponds to the output power of the actual 
machine. 

These assumptions will not be justified herein, but a discus­

sion of their bases will lead to a better understanding of the 

equations that follow. 

Assumption No, 1 is made on the basis that during the 

swings of the rotor angles the percentage change in speed is 

small until after synchronism is lost. Thus, the question of 

whether or not the system is stable has been answered before 

the velocity departs appreciably from synchronous speed. 

Damping torques arise primarily from damper windings 

and thus depend on a departure of velocity from synchronous 

speed and are neglected for the same reason as No. 1 above. 

Assumption No. 3 is not entirely correct, especially 

for salient pole machines. However, this assumption greatly 

simplifies the solution, usually without serious error, and 

in dubious cases the more tedious and time-consuming methods 

can be used. This assumption also neglects the action of any 

voltage regulating equipment on the machines, which will usually 

give pessimistic answers. 

The assumption that the power input is constant is made 

on the basis that the governor will not have time to act and 

thus change the input to the prime mover. 

Assumption No. 5 really involves two ideas. The power 

measured on the calculator will be almost steady-state power 

set by the network impedances, the internal electromotive 
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forces, and their relative phase angles. In the power system 

sudden changes are taking place giving rise to a number of 

transient effects that are not included on the calculator. 

This assumption is made on the basis that these transients die 

out very rapidly compared to the period of the system oscil­

lation and therefore make a negligible contribution to the 

swing. 

The equation of motion of the rotor on the k-th machine 

in a system to be studied is given by 

Jk ^-5| + ?Dk = ?Ik " T0k . (1) 
dt2 

Jjj. i s t h e p o l a r moment o f i n e r t i a o f t h e a l t e r n a t o r and 
pr ime mover i n s l u g - f e e t s q u a r e d , 

ajj i s t he m e c h a n i c a l r o t o r a n g l e o f t h e a l t e r n a t o r i n 
r a d i a n s w i t h r e s p e c t t o an a r b i t r a r y s y n c h r o n o u s ­
l y r o t a t i n g r e f e r e n c e , 

Tj)k i s t h e damping t o r q u e of t h e a l t e r n a t o r and p r ime 
mover i n p o u n d - f e e t , 

Tjjj i s t h e i n p u t t o r q u e to t h e a l t e r n a t o r from t h e 
pr ime mover i n p o u n d - f e e t , and 

T Q ^ i s t h e e l e c t r i c a l o u t p u t t o r q u e d e l i v e r e d a c r o s s 
t h e a i r gap of t h e a l t e r n a t o r i n p o u n d - f e e t . 

T h i s e q u a t i o n can be s i m p l i f i e d c o n s i d e r a b l y by making u s e o f 

a s s u m p t i o n s Nos . 1 and 2 . When Eq. (1 ) i s m u l t i p l i e d by s y n ­

ch ronous s p e e d , Hg^, and T]}k i s n e g l e c t e d , t h e r e s u l t i s 

d a a k 
J k » s k -TTZ = n 3 l c T i k - n s k T o k • C 2) 



However, 

22LK-M x 1 0 -6 n g k T k = P k t ( 3 ) 
13 

daak it 2 da9k 
d t a 180 pfc d t s ' W 

Jfc - "3272- ' ( 5 ) 

and n a k = i^2£ (6) 
Pk 

where Pk i s the power in ki lowatts associated with the torque 

6k i s the e l e c t r i c a l phase angle in degrees of the a l ­
te rna tor in t e rna l voltage with respect to an ar­
b i t r a ry reference, 

(WRs)k i s the polar moment of i n e r t i a in pound-feet 
squared, 

n sk i s t n e synchronous speed of the a l t e rna to r in r . p .m . , 

f Is the normal output frequency, and 

p^ i s the number of poles of the a l t e r n a t o r . There­

fore , the combination of Eqs. ( 2 ) , ( 3 ) , ik-) > (5) *• and (6) gives 

Q (WR2)k n ; k d a6 k 1.283 * 10-9 J _ s k _ | = P l k . p Q k $ ( 7 ) 

Let 

Mk = 1.283 x 10" 9 ( W R g ) k " I k # ( 8 ) 
R f 

The un i t s for M are kilojoule-seconds per degree. Now Eq. (8) 



is substituted into Eq. (7) which gives: 

ds0k _ 1 
dt * = M (plk " pok> * <9) 

This is the equation that the k-th computer must solve and 

combine with the initial conditions of the k-th alternator 

(9k and 5§J£ at t • 0). A dt 

The computer must be supplied with a constant refer­

ence, Pjk) subtract from it the electrical power developed in 

the generator and integrate this result twice with respect to 

time. The position servo must then position the phase shifter 

which represents the alternator to this new rotor angle, also 
1 

taking into account the scaling factor -rr. 

It should be noted that M covers a wide range of values 

in different machines and that the literature uses another 

value, H, defined as 

H = l80fl
M f (10) 

where G is the kva rating of the machine. For a particular 

class of machines H is more nearly constant than M. 

Purpose of This Thesis.--The primary disadvantage of the pre­

viously-described computers following Kimbark's suggestions 

is that they have not been tested on a system larger than one 

machine and an infinite bus. Thus, the tests of accuracy and 

practicability are inconclusive when an attempt to apply them 

to a large system is made. In addition, the economics of network 



calculator operation dictate that the unit cost of a computer 

be small. 

The purpose of the research was to design an economical 

computer to be applied to the calculator at the Georgia 

Institute of Technology, to construct three such units, and 

to conduct suitable tests of their accuracy and ease of opera­

tion, This thesis describes these steps. 
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CHAPTER II 

DESIGN OP THE COMPUTER AND POSITION SERVOMECHANISM 

A "block diagram of the computer, servomechanism, and 

phase shifter to represent the dynamic analog of one synchro­

nous machine on the network calculator is shown In Pig. 1. 

In this ideal case the transfer function of the computer would 

be found from the solution of Eq. (9)» 

«k = MO' + % <•>*+ I £/* l*ik - PokKdt)- , (11) 

dQlr 

where 9^ (0) is the Initial value of the phase angle and —-=•£ 

(0) is the initial velocity of the k-th machine. Thus, the 

computer will consist of a differencing and a double Integrat­

ing device. 

The ideal position servo will have a transfer function 

of unity, and the ideal phase shifter will have a constant 

output voltage whose electrical phase angle exactly duplicates 

the mechanical phase angle input from the position servo. The 

following sections deal with the realizability of these Ideal 

components. 

The Phase Shifter.—The Georgia Tech Network Calculator uses 

a l^l\Q c.p.s. generator to supply the power to the voltage regu­

lators and phase shifters which represent the system machines. 

Base voltage on this calculator is 100 volts and base current 
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is 1*0 ampere. However, the generators are metered to supply 

a maximum of ij..O amperes. It was decided to design the com­

puter and auxiliary equipment for a maximum of l|-.0 amperes. 

The internal impedance of the phase shifter-voltage 

regulator combination is approximately three ohms resistance 

with the inductive reactive component cancelled by appropriate 

series capacitors. This internal resistance would cause the 

output voltage of the phase shifter to vary twelve volts from 

no load to four amperes output at unity power factor, and 

would cause the electrical phase angle to depart appreciably 

from the mechanical angle under loaded conditions at other 

than unity power factor. Either of these conditions would 

render the existing phase shifter unsuitable for this inves­

tigation. 

An automatic voltage regulator would furnish the con­

stant output voltage required but would not make the mechani­

cal and electrical phase angles agree except under particular 

loading conditions. However, both voltage regulation and 

phase angle control could be accomplished by cancelling the 

internal resistance of the phase shifter. The requirement 

would be a negative three ohm, forty-eight watt resistor. 

Ginzton12 describes a "series" type of negative resist­

ance whose characteristics are stabilized by negative feed-

back. This type was used with minor modifications. 

If an amplifier, with its gain stabilized by negative 

feedback, has external connections as shown in Fig. 2, then 
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the following statements are true. With the switch Sx in po­

sition "a" and a voltage, V3, between terminals 1 and 3, cir­

culating a current, Ig, through Rx, the amplifier will supply 

power to the load, R^. The load current will be 

I L = ^ . (12) 

Now let RL = AVRT . (13) 

Eq. (13) substituted into (12) yields: 

fc-Sf-if-1-- w 

Under these conditions the position of switch S^ will have no 

effect on the amplifier, providing a voltage, V0, is estab­

lished at the value given by Eq. (15). 

V0 = Va - AVVS = Vg (1 - Ay) . (15) 

The impedance looking into terminals 1-2, with the 

switch in pos i t ion "tf, i s 

Z„ = fe- = v a u
T - Av' - R l ( i . Ay) (16) 

Thus, if Av is greater than 1.0 then Z0 is a negative resist­

ance but, at the same time, the amplifier sees a load of RL 

across its output terminals. 

The resistance needed is minus three ohms. If a con­

venient value of Rx = 0.3 ohm is taken, then Av - 11.0 and 
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RT = 3*3 ohms. The amplifier necessary to complete the nega­

tive resistance should have a gain of 11.0 when supplying a 

3.3 ohm load and should have a maximum power output of at 

least 52.8 watts. 

The design of the amplifier to satisfy these require­

ments is given in Appendix I and the circuit diagram of the 

completed design is shown in Pig. 3. 

The negative resistance was tested with the phase shifter 

and showed a voltage regulation of 0.5 per cent at four am­

peres output. This regulation was principally due to a small 

amount of reactance that was not cancelled by the series ca­

pacitor. 

The Computer.—The computer to solve Eq. (11) could assume many 

forms. The heart of any of these would be the integrating ele­

ment or elements. Integrating elements available are mechani­

cal integrators^, electronic integrators velocity servo-

mechanisms1^, digital methods and the watthour meter . 

The mechanical integrator is eliminated as a possibility 

in this investigation because of its initial cost and space 

consumption. 

The accuracy of electronic integrators depends on an 

RC time constant and the gain of an amplifier. It would be 

desirable to have a time scale expansion in the stability study 

of at least 300 to 1. Thus, a study of one second of system 

time would require accurate integration periods of five minutes. 

This is an appreciably longer time than present low-cost 
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electronic integrators will Integrate satisfactorily, 

A velocity servomeonanism could be used; however, any 

drift in it would be cumulative and such a servo that was 

practically drift free would be uneconomical. Digital methods 

of integration would involve complex and costly analog-to-

digital -to -analog conversions. 

The watthour meter offers the best possibilities for 

this application. It is an inexpensive yet accurate integrator 

of electric power. Thus, the combined function of power meas­

urement, difference and integration can be performed by a com­

mercial model of a two element meter. Other torques, such as 

caused by the negative sequence currents, could be combined 

with PQ and Pj if desired. This would require more elements 

on the same shaft. 

There are two possibilities in the use of a watthour 

meter as the integrating element. The first is to supply a 

commercial two element meter with powers F-r and PQ. Obtain 

the integral from the revolutions of the disc and use these 

revolutions in conjunction with a position servo to drive a 

variac which will then give an output voltage proportional to 

the integral and with a phase position denoting the sign. 

This voltage could then be integrated by means of another 

watthour meter supplied with constant current, and the follow-

up servo would then position the phase shifter. 

The second possibility is to remove the damping magnets 

from the watthour meter and add enough inertia to the disc so 



that the equation of motion, Eq. (9)# will be satisfied by the 

motion of the disc. The first requires two watthour meters 

and two position servos, while the second requires only one 

of each. The scaling factor, i, in either case can be secured 
JM. 

by simple electrical means, such as current transformers to 

supply the watthour meter with -£ . This second method was 

adopted because of the improved economics afforded by the use 

of only one watthour meter and position servo• 

There are certain inherent disadvantages in the use of 

the increased inertia system. The first disadvantage is due to 

the increased time scale which is necessary to complete the 

switching manually. If the time scale is expanded by a ratio 

of 900 to 1 and the actual system takes one minute to com­

pletely settle down after a disturbance, then on the analog 

it will take 900 minutes or 15 hours to reach a steady state 

operating condition after each stability study• Thus, a sys­

tem of damping must be provided in order to reach steady state 

conditions quickly after each study is run. 

The second disadvantage is due to the large amount of 

inertia needed. This additional weight would overload the 

bearings in a watthour meter and thus either rupture them or 

increase the friction by a large percentage. Also since P0 

can be either greater or less than Pj the watthour meter must 

be friction compensated in two directions instead of just one. 

This latter defect can be remedied by establishing reference 

speed at some level other than zero and by removing this reference 



in the servo system by some differential device. Thus, the 

watthour meter will run unidirectionally while the output with 

the reference removed will run bidireetionally. 

The desired equation of motion of the phase shifter shaft, 

including the time scale change, can be found by letting 

T « p. t (17) 

where T is the computer time and t is the actual system time. 

Thus, 

£!& = !_*!£, (18) 

dT3 ' u2 dta 

Eq. (18) is substituted into Eq. (9). 

^ 0 = i(pik - w • i^) 

The system is set up on the network calculator on a per-unit 

basis and in order to so arrange Eq. (19) i t is multiplied and 

divided by base kva. 

dg6 Base kva Pj - P0 (20) 
dT2 : :

 IJL̂ M Base kva * 

The equa t ion of motion of the d i s c i n a two element wat thour 

meter i s g iven by 

J | ? + D P S | + P = K P ( P 1 - P * > • ( 2 1 ) 

In this expression: 



3 is the disc angle in radians, 

J is the disc inertia in slug-feet squared, 

Dp is the damping coefficient due to the driving 
fluxes1?, 

P is the frictional torque opposing rotation, 

?i is the input power to electromagnet No, 1 in watts, 

Ps is the input power to electromagnet No. 2 in watts, 

and Kp is the torque to power ratio of the watthour 

meter in pound feet per watt. 

If the reference speed on the disc is set at u radians 

per second, then 

p = coT + 6 {22) 

where 6 is the disc angle with respect to the rotating refer­

ence. Eq. (21) then becomes 

J 0 + °P if + ( D P * + p) = K P P I - K P P * • (23) 

Preliminary adjustment of Px must be just enough to cancel the 

term in the parentheses. 

In order to match the motion of the disc to the desired 

motion, the damping term in Eq. (21) must be made at least as 

negligible as the corresponding term in Eq. (l). This can be 

accomplished by keeping the driving fluxes as small as possible 

and increasing the moment of inertia, J. However, J is set 

by the constants of the watthour meter, the machine to be re­

presented, the time expansion of the study, and the kva base 



chosen for the study. In most cases there is little or no 

room for change in these constants. Thus, the damping or ve­

locity torque must be compensated in some manner other than 

changing the moment of inertia. 

The position servo on the phase shifter must follow 6 

closely, and thus a tachometer attached to the servomeonanism 

motor will give a voltage proportional to ̂ pp. This voltage 

may be amplified and fed to the watthour meter No. 1 coil. An 

additional term is then added to the power expression in Eq« 

(23). This input can be adjusted to cancel the damping term. 

By reversing this voltage additional damping will be present 

to aid the system in its return to steady state conditions. 

Thus, the previously mentioned disadvantage of a long time to 

reach steady state is largely overcome. 

The design of the amplifier to supply the watthour me­

ter electromagnet No. 1 is given in Appendix II. 

The initial adjustment of Px and the tachometer feed­

back term will leave Eq. {23) in this form: 

J 0 = ¥ f u - p
a » l*> 

where P is the excess power to element No. 1 above that nec­

essary to cancel the damping and constant torque terms. In 

order to match Eq* ( 2J4.) to Eq. { 20), the dimensions must be 

the same. The following equations are needed. 

% ^ = 9 , (25) 
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where N_ is the gear ratio between the servo motor and the 
S 

phase shifter shaft. 

p0 «• Za_ ( 2 6 ) 

B*«» kra - per unlt power = T§0 • 

If Eqs. (25) and (26) are substituted into Eq. (2lj.) and solved 

with Eq. (20) for J, the resultant equation is 

j = 5730 Kp ^ M { 2 ? ) 

Ng Base kva • 

A wide range in the values of M will be encountered in 

the same system study and therefore some simple means of re­

flecting these values in the computer is necessary. Since a 

change in inertia would require that a large number of fly­

wheels were available to meet any possible value of M, a com­

bination of mechanical and electrical effects is used. With 

a fixed inertia a certain M can be duplicated by adjusting K_. 

This constant can be varied by using current or potential 

transformers to supply the watthour meter element with a power 

proportional to PQ. 

The Position Servomeonanism.--Because the watthour meter ele­

ment must not have any extraneous torques acting on it, there 

must be a torque amplification between the revolving disc and 

the phase shifter on the network calculator. 
-i Q 

A photoelectric pickup, as shown by Berry , was con­

sidered because of its zero load on the primary element but 

was eliminated because of the additional equipment needed and 
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because of the fact that the computer would have to be mounted 

near the phase shifter. The space near the phase shifter 

shaft is fixed by the present construction of the network cal­

culator and is quite limited. Physical dimensions are given 

in Appendix III. 

Pure frictional load on the computer can be balanced 

out by an increase in the ?r driving term in Eq. (23) as men­

tioned previously. Therefore, a small synchro transmitter can 

be used as the angle-measuring device on the watthour meter 

disc. A synchro differential running at reference speed ean 

remove the reference velocity and then a synchro control trans­

former will give the error signal necessary for the position 

servomeonanism. The watthour meter disc and additional in­

ertia can be mounted directly on the synchro transmitter, using 

its bearings to support the additional weight. This construc­

tion eliminates the need to overload the precision bearings 

in the watthour meter. 

It was found in the design of the servo that due to the 

backlash in the gears between the servo motor and the phase 

shifter a small oscillation was maintained. This was elimi­

nated by proper feedback of the tachometer output. 

The mechanical and electrical design of the servome-

chanism and its construction is covered In detail in Appendix 

III. 

The block diagram of an entire unit to represent one 

synchronous machine on a power system is shown in Pig. 1|. 
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Detailed Block Diagram of One Unit With Major Subdivisions Illustrated 



Mechanical linkages are indicated by heavy lines. Necessary 

regulated voltage sources are indicated because they form a 

part of the measuring process of the computer. It can be seen 

that the tachometer is used as a part of the computer and also 

in the position servomeonanism. The principal subdivisions are 

separated by dotted lines. 
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CHAPTER III 

TESTS ON THE UNITS 

After the detailed design of the computers and servos 

was completed, three units were constructed and installed. 

These units are shown in Pig. S* The numbered items are: 1 -

the constant voltage transformer, Z - the servo motor ampli­

fiers, 3 - the reference speed synchro differential unit, I4. -

the negative resistance amplifiers, £ - the computer units, 

and 6 - the power supplies. The servo motor and gear box as­

semblies are not shown because they are mounted directly on 

the phase shifter behind the front panel of the calculator. 

Typical sample problems were conducted after the pre­

liminary adjustments had been made. To check the accuracy of 

the problem run, necessary measurements on the sample problem 

were made. These included the steady state starting conditions 

and the swing curves of the various generators. 

Measurements.--In order to obtain the swing curves, it was 

necessary to record the phase shifter angle. In a commercial 

model it would be desirable to accomplish this by means of 

a potentiometer coupled directly to the shaft and supplied with 

a constant d-c voltage. The output of the potentiometer would 

then be proportional to the shaft angle. The method used, 

however, was much simpler in construction but more 



Figure 5 
A View of the Installation on the Network Calculator 

: 
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difficult in interpretation. An additional synchro control 

transformer with fixed rotor position was connected to the 

synchro differential and the error signal was recorded by 

means of a Brush recorder. Pig. 6 shows the installation com­

plete with the Brush recorders in place. The recorded error 

signal is proportional to the sine of the angular displacement 

between the watthour meter disc and the reference, and thus 

gives an indication of the total angle, 6, between the two. 

The total angle of the phase shifter can then be obtained by 

the summation of the rotation recorded divided by the gear 

ratio plus the original steady state angle. Samples of these 

data are shown in Pig. 7. The (a) part shows a section of the 

record from the beginning of a study. Section (b) shows a 

period in which a reversal in direction of rotation takes 

place. Both sections show the angle of the watthour meter as 

calculated at selected points. The chart is run slowly so that 

the envelope of the 6o-cycle carrier is clearly Indicated. 

The phase angles resulting from the calculations made 

on the charts will actually be the phase angle of the watthour 

meter rather than that of the phase shifter. The difference 

will be the error of the servomechanism. In Appendix III this 

maximum error is found to be approximately 0.08 degrees, and 

thus the angle calculated from the synchro transformer output 

will be within the limits of the accuracy desired. 

Sample Problems.—Three types of sample problems were set up 

and tested. These were one, two, and three machine problems -
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each system also containing an infinite bus. Each of the tests 

was checked by means of the conventional step-by-step proce­

dure. A short time interval was used in order to keep the er­

rors due to finite time difference small. 

Representative samples are shown in Figs. (8), (9)» and 

(10). The schematic shows the power system and its constants, 

and the swing curves show the results of the computer study 

(solid line) and points on the step-by-step check. Two time 

scales are given: system time and computer time. 

From these curves it is seen that the maximum error is 

15 per cent compared to the largest excursion of any machine* 

There seems to be a tendency for this error to increase as the 

study progresses. This error is within acceptable limits for 

a majority of stability studies. The limitation on study time 

span is acceptable because the assumptions made on most sta­

bility studies limit the time span to one second of system 

time. After this time the validity of the assumptions is very 

questionable. The error of the computer can be tolerated in 

many studies because it will still be possible to determine 

if the system is near the stability limit and, if it is, to 

rerun the study by the step-by-step method and, in addition, 

take into account secondary effects not covered in the basic 

assumptions. 

Practical Problems Encountered.—There were several problems 

encountered in the construction and operation of the computer 

units. 
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Constructional problems in the electrical circuits were 

mostly unwanted feedback or pickup. All of the shielded cable 

shown in the schematic diagram is necessary to the proper op­

eration of the unit. Mechanically, the hardest problem was 

fitting the servo motor, tachometer, and synchro transformer 

into the allotted space in the network calculator. The gear 

box, of course, requires precision machining to keep the back­

lash to a minimum. None of these problems are basic detriments 

of the idea of such a computer, but are rather basic to servo-

mechanisms and computers in general. 

The problems involving the basic ideas turned out to be 

mainly operating problems. Of primary concern is the time re­

quired to return the system to steady state conditions. As 

mentioned previously, this tendency was ameliorated by addi­

tion of a signal from the tachometer that would damp out the 

oscillations. There should be a control on this signal so that 

its level could be adjusted by trial to an optimum value for 

the particular machine represented. In addition, a stroboscopic 

light should be installed, lighting the moving elements of the 

computers so that the departure from reference speed could be 

easily noted. This would greatly assist the initial balancing 

operation. 

The addition of the stroboscopic light would make it 

easier to run a test on a system that did not include an in­

finite bus. In such a case the system would have to be set 

up originally with one machine considered to be infinite, 
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After steady state conditions are gained, then the computer 

on that machine would have to be started and Pi adjusted, with 

the position servo turned off, so that the disc turns at 

exactly reference speed as indicated by the stroboscopic unit. 

The position servo can then be turned on and the system is then 

ready for the stability test. 

The control on P± should be calibrated approximately 

in per unit power output so that an initial balance could be 

attained without consulting the master instruments. This ap­

proximation should be as accurate as is compatible with the 

economics involved. 

The servo motor assembly as constructed in this project 

was equipped with limit switches. It would be preferable to 

design the unit so that a mechanical stop would be sufficient 

and yet not injure the gear box or motor by leaving it energize 

This depends in part on the motor used but in any case could be 

accomplished by a friction clutch between the servo motor and 

the phase shifter that would slip under overload conditions. 

A commercial model should include either a means of 

mechanically disconnecting the servo from the phase shifter 

or a hand control on the error signal so that manual operation 

could be easily accomplished when necessary. 

An inherent limitation to the U3e of these units in a 

completely general stability study is that the study cannot 

be stopped at a particular instant of time and resumed later 

after voltage and power flow conditions have been read. This 
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difficulty can be overcome in a sense because the system gen­

erator angles can be duplicated after a study has been com­

pleted. 

Further refinements which would eliminate the need for 

the assumptions discussed in Chapter I should be studied be­

fore a commercial model of the computer is built. Damping 

torques could be taken into account by properly adjusting the 

tachometer feedback to the watthour meter element. This ad­

justment would require knowledge of the damping torque coef­

ficient on the actual machine and would be a cut-and-try ad­

justment on the computer as is herein described. A calibrated 

damping system might be feasible. 

To simulate voltage regulator action the network cal­

culator would have to be equipped with servomechanism controls 

on the existing voltage regulator. In order to match the re­

sponse of the actual regulator, the servo could be designed 

with adjustable time constants and"dead band" Simulation of 

governor action would require a progressive change in P1# The 

controls necessary to duplicate such a change could be added 

at additional cost. 

Saliency effects are usually calculated using a rather 

complex mathematical representation of the machine. Since 

such a representation cannot be reduced to a simple realizable 

network on the calculator, the computer necessary to reproduce 

these effects must be fundamentally different from the one 

used in this investigation. 



but merely show the direction In which further development 

should proceed. 
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CHAPTER IV 

CONCLUSIONS 

The computers, as designed and built, show conclusively 

that an economical computer and servo system can be applied 

to a multi-machine transient stability problem on existing 

network calculator installations. The accuracy is acceptable 

In the majority of studies and refinements in design should 

decrease the operating error* 

At the present time transient stability studies take 

up only a small percentage of calculator time. Thus, the units 

would ordinarily be used to merely hold preset generator out­

puts. With small additional cost the voltage could also be 

regulated and steady state problems could be balanced much 

faster. It is expected that addition of these units would 

greatly increase the number of transient studies run. 

Estimated cost of the units per generator is $500. Ad­

dition of voltage regulators would cost approximately $200. 

These figures include the price of the power supply for that 

one unit. Because one central power supply could serve all 

the units in a multi-machine installation, the over-all cost 

for each computer and servomeonanism would be slightly less 

than the figures quoted. The addition of analogs to simulate 

the voltage regulator and governor actions would increase 


