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SERIES-CAPACITOR COMPSAT ION FOR SY}CHRONOUS-CONDENSER 

REAC TANCE 

Generi1 Historical Introduction 

.Ixperience serves mans times as a guide where know- 

ledge of fact is dubious and untried. This applies to 

the niany ramifications o1 life, as well as science and 

engineering. Because our short time in lif cannot 

suffice to provide ali the answers, man has developed 

a wisdom and an understanding precocious for his years 

by studying the past histor and experience of his fore- 

rathers, By this method we hope to profit from past 

mistakes, good and bad judgement, and previous accomplish- 

merits. It is with this idea in mind that the subject of 

synohronous condensers is introduced. 

The story of the synchronous generator-motor commenced 

about 1821 when the English Chemist-Physicist, Michael 

Faraday, working with Sir Humphrei Davy in London, 

produced for the first time the rotation oï wire carrying 

current in a magnetic field. otable scientific contribu- 

tions during that period from Ampere, blot, Savart, and 

Oersted rapidly expanded man's knowledge in ti field of 

electro-magrietics. In this country Professor Joseph 

Henr, teacher of Physics at Albany Academy, constructed 

the first electro-magnetic motor with a crude type O1 

commutation in 1829. By 1837 Thomas Davenport had 
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developed D.C. motors for industrial use. Continual 

progress during the next forty years led to the further 

improvements of slotted annatures, electra-magnetic 

field excitation as a replacement for permanent magnets, 

and laminated cores to reduce eddy-current losses. 

Invention and improvements could, however, scarcely 

remain in stride with the demands of industry. In 1157 

the first electric locomotive made its historitl trip 

on the Baltimore and Ohio Railroad. Electric street- 

lighting came into existence in Paris in 1878 and in 

Nev York in 1880. The California ;lectric Company 

became the first enterprise to sell electric service 

in 1879. 

About 1878 it was demonstrated that alternating- 

currents would provide better results on illumination 

circuits than conventional direct-current of that day. 

In 1880 Ganz and Company pioneered the development of 

the alternating-current system in Europe. Our own 

country received its first alternating-current service 

in 1B6 when the r:estinghouse Company operated an 

exp&rirnental lighting system in Great Barrington and 

later in the same year installed an A.C. lighting system 

for Buffalo, New York. However, A.C. remained strictly 

in the field of illumination for the first dears, and 

even there Westinghouse experienced viruleit attacks 



from the dison Company and proponents of the already 

established D.C. systems. Advocates of D.C. claimed 

alternating-currents were unsafe, and as testimony they 

pointed to the use of A.C. for the electrocution of 

criminals. Nonetheless, they found it difficult to equal 

the installation bids of the A.C. people, and their 

accusations little daunted the progress of the Nesting- 

house Company. Eventually the storm abetted. The 

General }lectr1c Company absorbed the Edison Company in 

l89 and began A.C. achievements for themselves. 

Toward the latter part of the nineteenth century 

engineers began to appreciate certain unique advantages 

of the .C. system. Furthermore, the commutator on D.C. 

macrunìes imposed limitation upon size and complicated 

heir design. Vith no such restrictions upon A.C. 

maòhines, the electric industry soon began to exploit 

the new field once George Westinghouse had displayed 

the ierits of such a system. 

Initially the obstacles to A.C. machinery expansion 

were great. A fundamental bottle-neck existed in the 

pulsating character of the A.C. current wave, which 

would cause the early motors to stop on dead center, or 

at the zero of the current wave. In 1888 Tesla sur- 

mounted this difficulty with the discovery of the two- 

phase system and the rotating field principle. 
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V.etinghouse bought Tesla's patents nd utilized them 

to produce the first induction motors, the first A.C. 

motors that could compare favortb1y with the well 

esttblished D.C. motors, As the alternating-current 

motor cime into prominence the need for a standard 

frequency became increasingly important. iinally in 

1892 the Westinghouse Company decided upon 60 ccles, 

a much lower frequency than those orevious1 used. 

Also, the same company supported the two-phase sstem 

during this transition period f roii D.C. to A.C., because 

less adjustment was required on the existing distribution 

circuits. The existing D.C. distribution circuits 

a considerable outlar of capital. It is 

apparent, therefore, why the nw alternating-currents 

evoked heated controversy and why the transition from 

D.C. to A.C. was gradual. However, the Iestinghouse 

engineers ameliorated the situation somewhat w1t the 

introduction of commercial rotary converters about 1892. 

then A.U. transmission could be employed to supply power 

to users of both .C. and D.C. 

Original development of alternating-current systems 

depended in no small measure upon the transformer, for 

without it alternating-current possessed none of the 

advtntages of high voltage transmission and lost the 

inherent flexibility of a system with transformation. 
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The transformer evolved through many stages from the 

e ny experiments on the Induction coil by Joseph Henry 

to the modern oil-filled transformer as we know lt today. 

arly lnvestigtors In the '50's and '6Os, such as 

fubmkorff, Poggendorff, and Leon Foucault, exposed most 

of the principles of the induction coli with which they 

produced high voltages by Interrupting the D.C. current 

In the primary winding. These principles were adopted 

to good advant-tge vhon men began to search for the most 

effectual means of electric power trnsmlssion. J.D. 

Gibbs and L. Gulard of Paris displayed the first A.C. 

transmission system with trnsformation in 1883 at the 

estmlnister Acuarium in London. George 7estinghouse 

was so Impressed he purchased American patents on the new 

A.G. device in l85. Under his c:mpetent promotion 

estlnghouse Company developed the first commercial 

transformers in this country, and as we have seen, 

initiated the first A.C. s'stexns in this country. By 

1887 Westinghouse already had patents for the use ol' 

nonconducting, moisture-excluding fluids or gases, and 

so attained the basic design of the oil-filled or air- 

cooled types familiar to us today. 

At the close of the nineteenth centurì the basic 

elements comprised in the modern electric ower systems 

were already invented, aopllsd, and firmly rooted in 

fields of the electric industry. Direct-current 



motors and generators maintained a good voluie of business 

in the fields of illumination, railway, and metal 

processing. Their sources of energy were, however, 

yielding ground to the A (. generators or the synchronous 

alternator. Arrival of the transformer and induction 

motor supplied added impetus to the alternating-current 

movement and soon proved the intrinsic economy of A.C. 

transmission. 

Acceptance of A.C. was almost undisputed by 1890 

and electrical engineers turned their energies toward 

developing bigger generator plants, the turbo-genera tor, 

and mo1din the theory for A.C. circuìt analysis. 

Pre-eminent in the field of A.C. resorch were the two 

men, Frofessor 11hu Thompson and Doctor Charles 

Steinmetz, both of the General T1ectric Company. 

Professor Thompson invented such devices as the constant 

current-transformer, recording witt-meter, repulsion 

motor, resistance welder, and contributed much to the 

science of transformer design. Doctor Steinmetz 

deceived many with his diminutive, deformed bod, but 

did not conceal from the world a brilliant mind that 

developed our present methods for the solution of A.C. 

problems, contributed much to the design of A.C. 

machinery, and later developed the first high voltage 

laboratory for simulating lightning strokes. As the 
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size and e1'ficlency of operation of the larger plants 

increased, more and more small Industries that formerly 

operated small generating units of their own discovered 

power could be purchased more cheaply from electric 

power distributors. Large power transmission systems 

then grev rapidly and the first of these to be operted 

in th United States ws the Willamette k'alls to 

Portland, Oregon, system in 1890. Originally two 

alternators rated at 1250 lights and 4003 volts consti- 

tuted this plant. Other hydro plants appeared in 

southern California in l89 and at Niagara Falls about 

the same time. Likewise turbo-alternator plants made 

their first bid to power in 1898, sorne 16 years after 

the 3wedish scientist, Gustaf De Laval, built hs first 

turbine. Previously in 1889 Westinghouse had already 

built the first 5000 hp., 2 phase, 25 cycle generator. 

By 1901 General Electric Company had built a large 

turbo-generator of 1500 kw capacity. 

Further elaborations on equipment, increased sizes 

in hydro and steam units and transmission grids became 

products of the 20th century. By 1908 the first 100,000 

volt long-distance transmission line had been installed. 

ith the propagation of complex transmission systems 

there followed th concomitant problems of stability, 

high voltage circuit-interruption and protection, and 
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methods for reactive supply. One solution for trie 

latter problem ws the synchronous condenser, which 

provides quite a little story of its own. 



Chapter I 

Evolution of the Synchronous Condenser 

Although Thomas Davenport built the first coiurnercial 

electric D.C. motor in 1837, time lapsed until 1873 before 

men recognized that a D.C. motor could also perform as a 

generator. It was during the deionstration o electrical 
transmission at Vienna in l3'7J that the Belgian scientist, 
¿enobe GranLiie, suggested D.C. motors could operate as D.C. 

generators. The saine relationship as for D.C. machines 

was recognized for A.C. machines in 1884 by Doctor John 

Hopkinson in London. However, immediate development and 

production o1 synchronous motors was retarded by lack of 

an economical and practical device for bringing the iotor 

up to synchronous speed. The invention of the induction 

motor by Tesla In 1887 furnished the solution for puttin 

8)richronous motors on a commercial basis. Small induction 

motors were utilized to bring the larger synchronous 

motors up to operating speed. The first installtion o1 

this nature is attributed to the ;,estinhouse Company at 

Telluride, Colorado, in 1890 whore a 100 horseoower, 3000 

volt synchronous motor drove the mine' s ore crushing 

machine. At about the same time the General Electric 

Company besan its production of synchronous motors. 

Like all innovations the debut of the synchronous 

motor met with skepticism from sorne conservative 



engineers and evoked many involved discussions at tech- 

nical meetings. It ws at one such meeting of the Amer- 

ican Institute of lectric1 iìgineers in April, 1893, 

that engineers received their first hint of the condenser 

characteristics of the synchronous motor. During the 

discussion of a paper presented by A.E. Kennelly, teinmetz 

&lluded, " À snchronous motor at certain conditions of 

excitation acts like a condenser (capacitor) of very 

large capacit." (10, p.229). 

In the following year Doctor Louis Bell presented a 

paper on polyphase apparatus (, p.63) which again stimu- 

lated protracted discussion on the synchronous iotor. 

Apparently, mani considered the synchronous motor futile 

because it was not self-starting. The induction motor ais- 

played such large starting torques by comparison and had 

already demonstrated its ability under load conditions. 

Vil1iam Stanlej suggested, therefore, that induction 

motors be used for aIl power work but that snchronous 

motors might prove valuable to compensate for the lagging 

curient in inductivo loads. steinmetz took issue with 

Stanley on this subject. ith empirical facts to support 

his argwnents he showed that s'nchronous motors were to be 

preferred to induction motors because of their constant 

speed, better efficienc', and beneficil effect upon line 

regulation. Evidently, these facts were very persuasive, 



li 

for synehronous motors soon besan to roll off the assenib1j 

1in3s, such as they were at that time. Sjnchronous motors 

surp.tssed tho induction machine in )orforance for large 

jobs while induction motors have generally been preferred 

for the smaller tasks. 

As Stanley pointed out, the snchronous motor could 

be used to suppl leading current for transmission lines 

and so reduce line regulation and losses due to a heavy 

lagging current component. He applied the principle 

very succesful1 on a lighting load that suffered from 

low voltges due to the line reactance. Thus, the 

synchronous phase-modifier or the so called sjnchronous 

condenser came into existence. It is nothing more than 

an over-excited synchronous motor running without load. 

As the transmission systems stretched their tentacles 

out in inextricable complexity, kvar trnsmission require- 

ments relied increising1 more on the unique characteristic 

of the sjnchronous condenser. from 1900 on to the twenties 

synchronous condensers paralleled the growth in size and 

quantity experienced b ali electrical machinery in 

general. Power capacitors appear3d on the scene much 

later so that the synchronous machine commanded a monopoly 

in the field of reactive supply for the first quarter of 

the 20th century. 

Althougi the var requirements of transmission 



1' 

systems demanded corrective rnousures 10 attain reasonable 

efficieney, the synchronous condenser earls rnanhl'ested 

some innate shortcom1xis. Its losses were high and like 

ali rotating machinery required considerable rncdntenunce. 

Enineers were loith to condemn the machine ror these 

small defects but instead resolved to improve machine 

design. This they id by sealing the machine in a 

Hydrogen atmosphere. Hydroben displayed the properties 

of low density and high thermal conductivity, which nado 

it ideal for a cooling or circulating atmosphere within 

the machine. Moreover, the liydrogen atmosphere reduced 

corona damage, oxîdtion, operation noise, and excluded 

foreibn particles from the machine. 

The f irst hydrogen-cooled machine was a 20,000 kva 

imichine installed by the Appalachian Electric Power 

Company in l28. Initiai experienoo taught that the gas 

seals were difficult to make, especially v.ith direct- 

connected exeitors. (8, p.390-906). For some five years 

following, practice as to operate tì exciters from 

separate prime-movers. There were improvements in the gas 

seals, water cooling sstems, explosion proof shells, pro- 

visions for maintenance and inspection, and additions of a 

collector compartment for the particles from the rings and 

brushes. It was soon learned that higher gas pressures 

markedly increased the kva capabilitd for a given machine. 
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In 1941 the Indiana and Michigan Electric Company 

installed a 25,000 kva synchronous condenser. At 1/2 psi 

the machine delivered 18,750 kv. but at 25 psi it attained 

25,300 kva contthous1. The most modern machines of todas 

rate as high as 60,000 kva. By this time engineers also 

recognized the advantage of including the exciter in the 

same Hydrogen atmosphere. A normal 130 kw exciter 

delivered 150 kw in a 25 psi Hydrogen chamber. Incorpor- 

ating a direct-connected exciter within the hydrogen tank 

is now a standard practice. 

Power systems had expanded considerably by the 

twenties with the result that increased attention was 

devoted the problem of power 1imittions and stability 

of transmission systems. Steinmetz recorded one oi the 

first articles on this subject in 1920. (9, p.1215) 

Synchronous condensers were then widely used and their 

beneficial support to stability was well appreciated. 

Opinion in the late twenties recommended synchronous 

condensers in either load or generating areas as 

beneficial to stability. Igineers averred that conden- 

sers in the generating area would add inertia and so 

retard instantaneous acceleration of the generators due 

to faults. Likewise, condensers in the load .reas wore 

avowed to add inertia there and so reduce instantaneous 

deceleration at the receiving end. iresont theory opposes 
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this lino of reasoning. (4, p.113O-ll38) 

Further work to improve stbilit blossomed in the 

form of new hii speed excitation systems. (7, p.1023- 

1027) Durin and immediately followinb fault conditions 

stability often depended upon rnaintainin system voltges. 

By employing exciters with hibh speed of response 

synchronous condenser output could be raised to several 

times normal before the maximum of the first swing, and 

so .tid in stabilizing voltages. In 1930 the Ohio Power 

Company introduced the first electronic pilot-exciter 

and regulator for a 15,030 kva hdroen-cooled synchronous 

condenser. Ampliciyne exciter control appeared in 1939 on 

the Appalachian Electric Power Company. Thus, by 1940 

these general conclusions on the operation o synchronous 

condensers had been drawn: 

1. Electronic exciters showed excellent performance, 

but initial and tube replacement costs precluded 

their extensive use. 

2. 900 iPM was to be preferred to the higher operating 

speeds. 

3. Hydrogen pressures of 1t psi would prove a very 

worthy investment in the larger machines. 

4. Direot-conneced exciters excelled in perforirrtnce 

if placed within the machine's gas-tight jacket. 

b. Electronic and amplidyne exciters had nearly the 
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same speed of response Lor sna11 voltage changes. 

6. Amplldynes could be used for lagging boost where 

the electronic exciters could not. 

Like the many other f.cets o1 our scIentific world 

time and man in the field of electric&i machìner: hive 

accomplished marvelous strides on the road to prouress. 

From the conception of the electrical iachine to its 

existing mammoth descendants of today this chapter has 

traced the basic steps in the development of the 

synchronous condenser. The present models deviate from 

the ideal by far, but they do shine with a luster of per- 

fection and efficiency little dreamed of in the early 

days. To what degree of excellence engineers will develop 

this device will depend significantly upon the value of 

its application, the conipetitlon from devioes capable of 

performing the same tisks, and the cornplexit of the 

technical problems involved. Perhaps its value will be 

augmented by such applications as the one proposed in 

this thesis. Regardless, engineers are more concerned 

with the problem at hand and its best remedy than they aro 

concerned with the industrial trends and historical sig- 

nificance of their inventions. It is then the reasons 

and applic.tions or the synchronous condenser to which 

we revert our attention in the naxt chapter. 



Chapter II 

Power-Factor Control 

Synchronous condensers are by nature only a trans- 

mission implement. They are not used to perform useful 

work like motors, but they display the same current- 

phase angle-excitation relationship as for the synchro- 

nous motor, shown below. The motor characteristic shows 
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over-excitation produces a leading phase angle and, 

hence,. a basis for the appellation, synchronous con- 

denser. By means of field control the synchronous con- 

denser input can be governed for the desired amount of 

leading or lagging phase angle current. In transmission 
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parlance the synchronous condenser becomes a source or 

"sink" of kvar, which pumps or absorbs reactive power 

as required for the purposes of electric power trans- 

mission. Its primary function on most large power systems 

remains power-factor control. High values of power factor, 

usually above .95, are indispensable to economic operation 

of a transmission system. Otherwise low power factors 

require abnormally high generator kva ratings to supply 

a given load and so do not effectively utilize the current 

carrying capacity of the generator's windings. Moreover, 

other line equipment, such as transformers and regulators, 

require similar exaggerated ratings to carry moderate 

loads, if the power factor is low. since the maximum load 

capabillty of transformers, gener.tors, and small distri- 

bution lines is aetermined by maximum current carrying 

capaciti, high p.f. operation is imperative to most 

effectual utilization of equipment ratings. Power con- 

tracts often incorporate bonus and penalty clauses to the 

effect that high p.f. be maintained by the customer. 

Low p.f. operation not only increases transmission losses, 

but it diminishes the useful power which the transmission 

grid and generating plants can deliver within their ratings 

and agg'avates the voltage-control problem. 

A simple example will lucidly conve1 these points: 

Assume that it is desired to supply a 100 mw load at the 



receiving end in the circuit below at a receiving-end 

voltage of 13.8 kv after transformation. To illustrate 

the effect of p.f. on voltage regulation, load current, 

and transmission line losses the following graph was 

prepared with the load real power constant at 100 mw 

and V2 13.8 kv. The graph was compiled with the aid 

of the modified Evans and Sels transmission line charts 

appearing in the appendix. 
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At even 99% power factor the re.ctive required is 

already 14 of the real power and, thence, iricross very 

rapidly until 9b power fuctor. From 95 to 6O p.f. the 

load reactive power is almost a 1iner function of the 

1od's p.1., but approaches intinitj at lower and lower 

p.f. Likewise, the sending-end voltage shows a markQd 

increase, although almost linear except for the region 

neQ.r unity p.f. 1'rom unity to 63 p.f. V1 must rise 43.b» 

In order to supply the given load. On the transris$ion 

line the sending-end would reqiire about 3 kv line- 

to-line voltage to supl, is load. In adGition to 

problems of excessive regulation, added insulation require- 

ments, ind the need for greater generator capaciL t.o 

supply the load kvar, the line current iso dimos rapidly 

as the p.f. decreases. Not only doss this burden the line 

and trinsforiner nearer their capacities, but magniii3s the 

transnission losses by the square of the current. The 

ptrabolic variation of losses with p.1. appears eirly 

on the graph. lhe initial dip in current, power loss, 

and incremental-loss cost results from the small line 

charging current which, when viewed from tne generator, 

appears like a leading current load for unity p.f. load at 

the receiving end. 

Obviously, the transmission system suffers tremendous 

financial losses if continuous operation at low p.f. on 
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long lines Is permitted. Any transmission power losses 

amount o a dtrct cost to the transmission company at 

the prevailing metrket prìce tor electric power, since that 

power reprezents vendible power and potential source of 

revenue, if the market for electric power is greater than 

the generat1n capability. une curve on the preceding 

graph illustrates the increase in cost / yr. for losses 
above that l'or unity p.f. load. A present market price 

for electric power in the Northwest of $17.50 kw/yr. and 

unity yearly load-factor is assumed, and transfoner losses 

are not included, A 63 p,f. indicates an increase in 

cost above that for unity p.f. of 119,600 dollars or an 

increase of 239o. The inefficiency of low power-factor 

operation, then, presents a formidable financial objection 

in itself. 

Inordinate voltge regulation, s displayed in the 

exam)le at low p.f., augments insulation costs on line, 

transformer, arresters, and other attached apparatus. 

On the other hand, hiher transmission voltages increase 

the line charging current and so tend to offset the line's 

reactive current. Voltage fluctuations become untenable 

as the load p.f. undergoes sporadic changes if the line 

impedance is high and a low p.f. already exists. For 

these reasons engineers desin lines for minimum impedance 

and strive for a minimum of rective power on the line. 
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Of course, both real and reactive current components 

produce a potential drop along the line, but due to the 

vector relationship the reactive component induces the 

more severe line drop component. This phenomenon is 

illustrated in the vector diagram below for a 70.7% p.f., 

100 mw load and the transmission line of the foregoing 

example: 
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In order to illustrate the rélative significance of the 

reative component of current on the line the actual 

current reactor is resolved into Its two mutually 

quadrature components, I and I. The small line charging 

current leads the voltage E0 by 900 and subtracts from 

the lagging load current, as shown. The resultant line 

current components produce both resistive potential drops 

of nearly equal magnitude and reactive potential drops of 
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nearly equal magnitude. However, the reactive component 

of line current significantly induces a drop in the line 

reactance which nearly adds in phase to the receiving-end 

voltage while the real component of current creates a 

potential drop due to the lines reactance approximately 

900 out of phase with the receiver voltage. since 

inductive reactance constitutes the major portion of ;ower 

transmission line impedance in the usual case, the reactive 

component of current is observed to be the most detrimental 

to preserving a minimum sending-end voltage. Although the 

in-phase component ol' current produces a sizeable 

inductive drop it adds to the receiver-end voltage in 

such a manner as to increase the sending-end voltage 

comparatively little. 

Clearly, the objections to lovi p.f. operation are 

well rooted in fact and logic, and engineers well 

appreciate the services ol' synchronous condenser to r'emed 

the situation. 0f course, static power capacitors would 

perform tne same task, and more about these will be 

related in later chapters. A synchronous condenser or 

capacitors placed at the load In the following exemple 

would have cancelled much of the lagging component oi 

load current, relieved line, transformer, and generator 

conductors of current burden, lowered sendin-end voltage 

and, in the case of the synchronous conderAser, would have 
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provided automatic compensation for changes In load 

voltage. It is convenient that the snohronous concìenser 

usually appears on the load side of the transformer, 

necessitated by normal snchronous condenser and cap.tcItor 

voltage ratings, for the transformer also experiences an 

improvement in p.f. and a reduction in losses. Trans- 

former regulation is also improved by raising its p.f. 

(6, p.ZUo) 



Chapter III 

Voltage Regulation 

In most large electrir power pools seasonal and 

diurnal load chane impose voltge pr'oblems which require 

special enjLneerinc attention. Initially transformer 

taps are set to provide the desit'ed voltages tor the 

expected averaçe load. On the 1cv; voltage distribution 

feeders automi.tic transformer tap-changing devIces and 

induction voltage regulators assist in maintaining 

constant voltages. Where industrial loads experience 

great load and power-factor changes as between mid-day 

load and nightly shutdo:ns, anuall or automatically 

controlled shunt capacitors may be epioyed very advan- 

tageously to stabilize voltages nd improve transmission 

power-factor. The improvement of power fìctor near the 

load is felt far back into the system, for if the sources 

of gene.'ation are required to supply the load's reactive 

power, more line drop will occur all along the feeders 

between source and load. At the h1:her voltage sub- 

stations a similar condition exists; any reactive that 

is required by loads emanatin from that substation 

should be sup»lied at that sub arid not b the generators, 

if fairly constant voltages and reasonable line losses 

are to b secured. Often tiiies the subs or areas are 

deiicient of kvar supply, and the generators have to 
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supply the 1otd's re:ìctive requirements. A 1949 study of 

the Paciric Northwest Power Pool indicated that power 

facLor varied sufficiently to require lO, more kvar at 

the substations during the forenoon hours than was 

re4uirod to maintain approximately constant voltages 

during he everx1n hours, ssuir1ing constant real power 

lOc.ds. Then, too, several lines ma be energiz1n the 

sub and only a proper relation of taps and phase angle on 

the transformers will equalize the reactive load on each 

line and so help to stabilize voltages. Thus, the 

maintenance of constant voltage levels demands accurate 

coordination between transformer-tap settings and reactivo 

supply in the load areas. Finite blocks of static capaci- 

tors may be swibehed to supply the increment in kvar 

required, and then again, a synchronous condenser 
has 

certain inherent advantages for this task. 

Aside f ron its abjljì to draw leding curr3nt, 

the snchronus condenser and motor possess ano Lher 

interesting characteristic, peculiar to themselves 
but 

very applicable for transraission voltage problems. 3y 

virtue of the characteristic shown in Fig. 4 the 

synchronous machine endeavors to automatically 
compensate 

for any changes in voltage at its terminals. e aro 

reminded from the first chapter that Dr. teirmetz pointed 

out this inherent regulating feature of synchronous 
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motors as early as 1893. For any constant field current 

lt is noted that a reduction in terminal voltage causes 

the power factor to become more leading and any increase 

In terminal voltage results in a more lagging power- 

factor. Since a leading current tends to raise the 

4, 

1 o 20 

I ': 

18.7S KVA A.C. Generator 
Running As A Synchronous Condenser 

IIIIIIIiIi 
- -- v- 

0 20 1.LO 6o 8n 100 120 lliO 160 18o 200 

Line to Neutral Voltage 

Fig. 4 Synchronous-Condenser Characteristics 

receiving-end voltage while a lagging current lowers 

the receiving-end voltage on a transmission line the 

synchronous condenser attempts automatically to corn- 

pensate for system voltage fluctuations. It, therefore, 

can be and is utilized as a voltage regulating device 

to stabilize receiving-end voltages. Because this action 

to oppose any voltage change is smooth and completely 

automatic, it can be relied upon where the voltage 

changes are too small to require switching capacitors, 

where voltage changes are within the dead band of the 
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condenser's voltage regulator system, or where the 

voltage chane occurs too suddenly for th excitation 

sy;tern to act. Usually, tne condenser increase in 

output of its own accord during a volttge depression 

condition is too small to materii11j affect voltages 

in a 1are system. Consequently, most large condenser 

installations employ voltage regulators which boost the 

output nore rapidly and in greater proportion than 

would be occasIoned by normal condenser action. To 

imbue a perspective of the magnitudes involved in 

normal condenser operation consider the following 

empirical data derived from a 18.75 kva synchronous 

machine running as a synchronous condenser. 

The following synchronous machine was employed for 

all experiments in this thesis except where otherwise 

stated: 

General 1ectric A.C. Generator 

15 KW .S P.1. Cont. 500 C iise 
ode1 12G 88 Type ATI 

3 Phase 60 Cycle 18.75 KVA 

240 Volts 45 Amps. 1230 RPÌ 

Exc. 125 Volts 4.7 Amps. 

Ser. No. 5663567 

Per unit quantities appear usually in order to extend the 

discussion to include all machines, regardless of size. 



Typical synchronous condenser constants are listed below 

for comparison with the test machine used. Derivation of 

test machine constants appears in the appendix. Values 

xd 4 4' x rdC T T' Ta 

Typical 1.80 .40 .25 .34 
.002- 

2.0 .035 .17 
Values .015 

Te st 
Machine .990 .221 .100 .168 .026 .p46 .011 .024 

(Base is 18.75 kva, 240 volts, 2402/18,750=3.075 ohms.) 

Fig. 5 Comparison of Synchronous-Condenser Constants 

are in per unit or seconds, and since r , the armature 
d.c. 

D.C. resistance, varies greatly with machine rating, the 

typical values are for 50,000 kva and a 500 kva machine. 

Any conclusions drawn from the experimental results 

should be modified by the fact that the test machine 

constants above are considerably smaller than those for 

the customary large machines. 

To illustrate quantitatively the regulation phenomenon 

suppose the condenser operated at rated field and terminal 

voltage. For a 10% reduction In steady-state terminal 

voltage and for the same excitation the previous curve 

PeDflnit 

If Et 'a 
Initial Condition: 1.0 1.0 .727 

Et depressed 10% : 1.0 0.9 .972 
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on page 26 provides the old an-d now current output. 

ihus, a 10% dapresslon of voltage produce3 a 33.8% 

increase in leading current which would tend to rai3e the 

terminal voltage. ixnh1arIy, a 1% depression of voltage 

engenders a 3.4 rise in armature current. Also, the case 

can be etended ror rises in terminal voltge which in 

turn would r9duce the armature current, again in euch a 

diieetlon as to stabilize voltage. Although the innate 

increase ixi output current is rmall for zmall depressions 

in voltage in the sbeady-state, significant increase will 

be shown to occur under transient conditions because of 

the low ratio of Xd/Xds For the transient case inherent 

synchronous condenser action alone produces the initial 

large rise in current, because the exciters require sorne 

tiue to act. 1or the steady-stats, however, there exists 

no doubt that a moderate-rate-of-response excitation 

system is desirable for the following reasons: 

1. iPho excitation can be boosted or lowered over a wide 

range to chango the output not just 3 or 34;, but 

saj, 103 to 2O3 and so, contribute a measurable 

amount to the stabilization of voltages. 

2. Moderate rate-of-response excitation control systems 

can act before voltLige dips or peaks cause notice- 

able effect to industrial or lighting loads. 

Common exciter response for synchronous condensers 



v.rie3 about the figure .5, which meun the exciter cari 

raise its voltage by 5D within one second. H1her speed 

of respon3e can be attained bt at a cost varj1n almost 

1near1y with the rate of re$ponse ( 12, p. 630). One 

uoh high 3peed sstri requires on1r 25 cycles to raise 

the output of a jnchronous condenser f reni 10,000 to 

55,000 kva (11, p.315-318). As implied above, however, 

very high response exciters do not have su.fficient 

advantage over noxnal exciters to warrant their use 

solely for steady-state voltage correction. Txoiters 

with high rates of response originally were developed 

to maintain hih internai voltage on the machine. his 

improves transient stability iiniit of which more will 

be said later, 



Chapter IV 

Theory and Analysis of 

Steady-State Synchronous-Condenser Problems 

What are the enigmatic processes b which a machine 

teeming with coils and Inductive circuits can behave like 

a simple capacitor? This question undoubtedly disturbs 

many at first but has a rather clear physical explanation 

in the magnetic fields involved. Two distinct seats of 

magneto-motive-force exist in the synchronous motor or 

condenser. First, the application of polyphase alter- 

nating voltage to the armature coils produces a constant 

rotating field. Secondly, the D.C. poles of the rotor 

field supply another rotating field which rotates in 

synchronism with the applied armature field. The inter- 

action of these two rotating fields produces motor action 

and explains why a plain synchronous motor is not self- 

starting. The sum of these field fluxes sweeping across 

the armature conductórs induces a back electro-motive- 

force in them. The vectorial differcl..ce between the 

impressed voltage and the induced back e.m.f. is, then, 

the e.rn.f. which circulates the required armature current 

through the machine's inductive impedance. If the induced 

back e.m.f. exceeds the impressed voltage, as per high 

field excitation, then th synchronous motor wants to 

perform as a generator with an internal voltage greater 
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than the terminal voltage of the network to which it is 

Immediately attached. Since, the motor has no prime- 

mover it cannot supply power, and, therefore, must draw 

a demagnetizing component of armature current from the 

line to establish equilibrium. The demagnetizing compo- 

nent of armature current leads the voltage drop across the 

machine and corresponds to synchronous condenser action 

as will be explained. 

A cylindrical-rotor generator with lagging power- 

factor connected to a system of constant voltage and 

frequency has this general vector diagram: 

-v 

Ea 

e Ir 
e 

'a 

IXa 

Fig. 6 Synchronous-Generator Vector Diagram 

Ea voltage rise induced per phase by net air-gap flux. 

V = terminal voltage rise per phase. 

-V termlnal voltage drop per phase. 

re armature effective resistance per phase. 

Xa = armature leakage reactance per phase. 

'a armature current per phase. 

e = power-factor angle. 

6 power angle. 
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We note the power angle S is positive and the air-gap 

voltage Ea leads the terminal voltage. If the power 

input to the generator drops, 6 decreases in order to 

reduce the generator output and to re-establish a condition 

of equilibrium. Now, if the mechanical driving power is 

suddenly disconnected, the rotor frequency will momen- 

tarily slow down, S will become minus or lagging, the 

real component of armature current will reverse ( since 

power for machine loases must now come from the line ), 

and the new equilibrium diagrai will appear as below: 

-v ix V 
Ir0 

1EaIxa 

Fig. 7 Synchronous-Motor Vector Diagram 

Now 6 is negative, and the rotor poles lag the armature 

poles in time and space, which corresponds to motor 

action. The power-factor angle is read as the angle 

between the armature line current and the voltage drop 

or negative of te voltage riso across the machine per 

phase. The same over-excited condition as for generator 

action now produces a leading current component In addition 

to the power component in phase with -V. The total current 

taken from the line by the motor equals the ratio of 
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resultant voltage to machine impedance, (a-V)/(re+ jx). 

Suppose that the motor is running light like the normal 

synchronous condenser; then the armature has on'ly a 

slight in-phase component of armature current to supply 

the machine's losses. Most of the current will be in 

quadrature as shown below, asid Ea will be nearly in 

phase with the impressed voltage V. 

-V 
V 

Fig. 8 Synchronous-Condenser Vector Diagram 

Since the resistance drop adds perpendicularly to V and, 

therefore, effects the magnitude of Ea a negligible 

anount, the armature current can be approximated as 

1a 1y a)/Za Because V and Za are essentially 

constant, 'a is nearly a direct function of E, the net 

air-gap voltage which, in turn, depends upon the 

excitation. The manner in which 'a varies with Ea is 

shown in the following locus diagram, determined from the 

vector diagram for varying values of Ea a small constant 

power component of current ascribed to machine losses, 

and aconstant displacement angle 8, which actually 

varies a little with excitation. The resultant voltage 
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and armature current per phase are nearly at right angles 

at all times since the machine's reactive component of 

impedance predominates the resistance. However, the 

F-411 

01 

Lag 
-v ES0018 or 

Lead I, Locu - 

0t' R '- ------ 
i r 

Fig. 9 Synchronous-Condenser Locus Diagram 

magnitude of 
'a 

and the power factor vary with the mag- 

nitude of Ea becoming a lagging power-factor for low 

values of Ea and a leading power-factor for high values 

of Ea Unity power-factor results when Ea equals V 

approximately. Hence, synchronous condenser action for 

leading current requires over-excitation to produce a 

back e.m.f. greater than the impressed voltage. 

The above theory is born out by the familiar charac- 

teristic "V" curves of the synchronous motor, but it 

requires some interpretation for a quantitative analysis. 

Since Ea and V are nearly in phase f or the synchronous 

condenser, the seats of m.m.i. and the armature and field 

poles must also be in time phase or in alignment. 
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However, the poles are opposing on over-excitation be- 

cause the armature current was shown to be demagnetizing. 

This i illustrated in Fig. 10 for a hypothtical full 

pitch armature winding. Immediately the calculations for 

the salient pole synchronous 

condenser are vas &ly simplified, 

because the Two Reaction 

Diagrams will contain only 

direct-axis quantities; the 

Fig. 10 Synchronous-Condenser Flux Pattern 

quadrature-axis flux and current are too small con- 

sider. The complete vector diagram, using saturated 

0 .2 .4 .6 .8 1.0 IXd5 
-4 

-v U 
E' a 

' 

.4 Per Unit 

'a 
.6 

Fig. 11 Vector Diagram of Test Condenser 

Xd zatirated value o' direct-axis syrìchronou.s-reactance. 

V impressed voltage rise per phaso. 

E = voltage due to the excitation or the voltage read 

from the load saturation line corresponding to a 

constant saturation, the same as for the condition 
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of loading. (The load saturation lino Is construct- 

ed through the origin and the point on the open- 

circuit saturation characteristic corresponding to 

the net air-gap voltage or voltage behind leakage 

reactance for the particular condition of loading.) 

values of synchronous reactance, is shown in Fig. li for 

a leading current at rated voltage and excitation for the 

test machine in the laboratory. 

In the previous chapter the output curron of the 

machine for certain impressed voltages and excitation was 

read direct from empirical machine characteristics. 

Usually those characteristics are not available and 

analytical methods employing only two common characteristic 

curves of the machine offer the only solution for deter- 

mining unknown terminal quantities of the machine. The 

accepted A.I.E.E. method using Saturated Synchronous- 

Reactance will be exemplified here. From the open-circuit 

and full-load zero power-factor saturation curves of the 

machine the valuo of Potier reactance is determined to be, 

x - 23.2 volte .16 ohms .168 per unit 
p 

on the own base. R was measured and corrected 
e 

to be r0: 1.6 x .069 .110 ohms .036 per unit. 

For most engineering Purposes Potier reactance may be 

substituted for the rature-leakage reactance, even 
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though Potier raactance is known to be larger and 

decreases considerably with saturation. The unsaturated 

value of synchronous reactance can be obtained e4sily 

from the short-circuit and air-gap lines for any constant 

field currents x : 173 volts = 3.041 obm .99 peu. 
5&.8 amps. 

To correct for saturation it is assumed aftr the paper 

by ?.L. Alger (1, p.493) that leakage reactance remains 

constant anci that the component of unsaturated synchronous 

reactance due to the reactance of armature reaction, 

- xv), varios with saturation. An adjustment for 
un 

(xd -x) takes the form of a saturation factor k, 
un 

which is a function of the machine saturated air-gap 

voltage or open-circuit voltage. k( is equal to the ratio 

of voltage on tha air-gap line to the voltage on the open- 

circuit saturation characteristic for any particular 

field current. Thus, 

Xd3 Xp + (Xduri_ Xp ) 

arid the excitation voltage Is 

r - :- a 1d (r0 +jxd). 

The air-gap voltage is 

Let us attempt to 

conditions in the prov 

per unit 

= 1.0 per unit 

V+Ia Xp 

check the measured set of terminal 

bus chapter. 

]24.7 volts per phase 

4.7 amps. 



40 

Except for a small correction due to the change in 

satur.ition the voltage Ea' set by the excitation will 

romain approximately the same, since the excitation has 

not changed. Assuming Ea' the same as for the initial 

condition then an approximate value can be calculated 

for I. This value can then be re-substituted in the 

f ormula for a' the air-gap voltage, and the value of 

field current checked from the load saturation line. 

From whatever eror exists between the calculated and 

actual field current a new estimate for I can be made 

and similarly checked until the series of approximations 

results in the correct answer. If k did not depend upon 

Ea then the simple linear equation for Ea' 
would give 

the answer directly. 

For the first approximation take the intersection of 

the ordinate through I = 4.7 Amps. and the horizontal 

line through V = .9 p.u. on the load saturation graph. 

The zero power-factor load saturation curve for the de- 

sired current must pass through this point. Since Potier 

reactance drop varies almost linea ny with the aiiature 

current, the desired current can be approximated from a 

proportion involving the distances foxned on the hypotenuse 

of the Potier triangle through the above point. Thus, 

'a : ac x 45 : 23.6 x 45 : 42.5 Amps. .945 per unit. 
25 

For nany purposes this first approximation will provide 
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sufficient accuracy. rest this V;i1UC of i.; 

.9(.945) x (.168) 1.059 per unit 

k = 1.37 (from saturation factor eurve, kig. 12) 

xd .168+(.990 - .168) 1_ = .768 per unit 
S j7 

.9 +(.768) x (.945) 1.625 per unit 

¿25 volts 

hen Ea' is plotted ori the load saturation line through 

the origin and La = 1.359 on the open-circuit saturation 

curve, I. is read as 467 just a little low. Hence, try 

'a = 46.7 amps = .72 per unit. 

.972 X .168 1.063 per unit - 147.2 volts 

k 1.38 

Xd = .l38+(.990 - .168) .764 per unit 
S 1.38 

.9+.972 x .764 1.642 per unit 227.6 volts 

per phase. 

This value of Ea' gives I 4.7 amps. Therefore, 

'a amps = .972 per unit is the true armature current 

for rated field current arid 90% rated terminal voltae. 
This checks very well with the value or 'a .972 per 

unit in Chapter III. 

So far the discussion has reviewed arid unfurled the 

usual Lnd primary application, the important characteris- 

tics and theory, and the analtica1 approaches to the 

solution of steady-state problems íor the synchronous 
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condenser. With this pre)irninry background we wish to 

turn now to the objective o this thesis, which is the 

investigation of machine performance with series-capacitor 

compensation for machine reactance. 



Chapter V 

KVAR Supply During system Transients 

130th steady-state and transient stability limits 

are significantly improved in a large power system by 

distributed synchronous-condenser capacity. The aid to 

stability evolves from the support provided system 

voltages, provided the support does not lower the 

generator excitations greatly (5, p.291). Applic.t1on 

of synchronous condensers at intermediate points of long 

transmission lines to raise the power transmission limits 

has bean proposed but denied realization, because 

marginal benefits do not justify the cost. Instead, 

system interties on long lines accomplish the same task 

as a large synchronous condenser. At major points of 

interconnection the controlled synchronous supply of kvar 

is necessary to stabilize voltages, as discussed earlier. 

The synchronous condenser excels in this function because 

light loading may often require lagging capacity. A.C. 

Network Analyzer studies have shown, however, that one 

such condenser has little effect upon system stability 

during transient swings and that only a prodigious supply 

at one interconnection point or many distributed sources 

01' kvar will influence system stability (4, p.113O-ll3B). 

We, therefore, concludo that any device capable of inject- 

ing abnormally large packets of kvar into the system 
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during transient conditions still will probably not 

justify its existence unless used at several or more 

points of the system. The system in mind consists of 

interconnected load areas, each with some generation, 

but probably insufficient amounts to supply their on 

needs without the tr'ansnission of power from other 

generating plants outside that area. 

Let us digress now from the generalities of the 

phrase, "transint stability limits,t and consider the 

physical conditions accompanying the fault. Initially, 

a fault on the niajor transmission grid suppresses loads 

by lowering voltages. The generators near the fault 

speed up because of the unbalance of' input over output 

power to the generator. Any capacitors in the fault area 

also drop In output, thereby, lowering volttiges more az. 

dropping still more load. Obviously, this is bad for 

customer service, but beneficial to stability, because 

both sets of machines, those in the load area and the 

external machines supplying the large transmission grid, 

will tend more to accelerate together and remain In step; 

both groups of machines have lost load. Now, any 

synchronous condensers in the load area support voltages 

even more than usual during fault and low voltage con- 

ditions, and this causes the loads to hang on. Consequent- 

ly synchronous machines in the load area do not accelerate 
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as rapidly as the external machines, and the two sets of 

machines start to wind apart. The issue of synchronous 

condensers in load areas has been treated at length and 

has been 1abe1e. malicious to stabilit, especially, 
if the condenser is large or has a very low transient 

impedance. Iven if fast fault clearing times exist, any 

support to voltage in the load area immediately after 

clearing of the fault can only reload and retard both 

groups of machinas, with the probable event of loading 

the retarded machines iii the 1oac area greater by pro- 

portion than the main machine groups of the major system. 

In particular, this will be the case if the main machine 

groups possess more inertia than the machine groups in 

the load area, for the small machines will retard more 

quickly. 

$ynchronous-condenser capacity at major points of 
inter-tie on the 230 kv rid cast a somewhat different 
influence upon system stability. By way of illustration, 

refer to the actual system in figure 14. The i.idway 

condenser is such a condenser. l'or a fault on the link 
between t.oulee and rnidway at C, the condenser will support 

voltages, holdup loads, and cause the rest of the system 

to decelerate while Coulee accelere.teS. This action is 

partially offset by the tie to Columbia which tonds to 

load hevier than normal, and so once the faulted line is 
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Fig. 14 Pacific Northwest Major 230 Kv. Transmission Grid 

opened, tends to retard Coulee generators a little. 

However, without this tie- say, if the line relays out.. 

the Condenser at Midway would undoubtedly augment the 

angular separation between Coulee and the remainder of 

the system and so jeopardize chance3 for recovery. With 

this tie in the condenser does not have to great an effect 

upon stability, but it has been found in stability studies 

at DPA that any increase in kvar from this condenser 

while the fault is on definitely lowers the stability 

limit (3, p.30). On the other hand, once the fault is 

cleared any increase in kvar supply at Midway rapidly 

boosts the loading and immediately retards the 
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acceleration of Coulee. Stability is improved by this 

operation. In thi8 case interconnected loads at k1idway 

tend to slow Coulee down more percentage-wise than the 

increase in loading In other areas retards the other 

machines, Careful studies would be in order for each 

actual sstern to determine the consequence of injected 

kvar immediately after clearing of the fault. Past 

studies indicate that systems with few interconnecting 

lines stand to suffer from any kvar supplied in load 

areas or even at points of inter-tie if the support 

to voltages and loads does not effect all groups of 

machines uniformly. With many inter-ties all machines 

experience nearly equitable effect from kvar supply, 

during the fault, except for machines isolated from 

the system by bus faults. Heavy inter-ties favor a more 

uniform elevation of voltage and loads in all areas, 

which in turn, inclines the machine groups to retard more 

as a group, thus, minimiilng the chances for some groups 

to pull away. This tends to corroborate the statement 

that individual synchronous condensers at points of inter- 

tie have little effect upon stability (5, p.291). 

It was conceived that considerable aid to stability 

could be obtained by forcing excess kvar into the system 

at major points of inter-tie immediately following a 

fault. The boosts to voltages in general are speculated 



to increase stability limits and at the same time promote 

a uniform distribution of load following the fault, so 

that no one machine group is hit too severely. In another 

respect, the increase in kvar resembles the stiffness 

provided the system by a huge synchronous condenser. e 

recall the rapid response exciter systems for synchronous 

condensers promoted during the late twenties and during 

the thirties and the appraisal given low reactance or 

unusually large condensers. Since then some revision of 

thought has become apparent, for analyzer studies have 

conclusively shown the error of introducing kvar during 

the fault. With this in mind there remains the possi- 

bility of pumping kvar into the system immediately after 

the fault, and this suggestion possesses valid analyzer 

studies and logic in its favor. 

One A.C. Analyzer study of the system shown compared 

the effects of a normal 120 mva synchronous condenser 

at Midway loaded to 90 mva initially with the same 

condenser compensated in 8 cycles (3, p.50). The fault 

was placed at Coulee on two Coulee-Midway lines which 

cleared at both ends in 8 cycles. Both cases were stable 

and identical until the 8th cycle, when the condenser 

received series-capacitor compensation for x in ths 

second run. Some of the pertInent data appears in Table 

1 on the following page: 
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Table i 

Run i: 120 mva synchronous condenser, initially loaded 

to 90 rnva; initil terminal voltage = 1.15. 

loo Mva Ease 

Cycles Mvar Vt 
Output Angular Separation 

of f3onn and Coulee 

(Faulted) O 
430 

4 4- 

(Cleared) 8 Cl 
12 1.084 1.006 78 
16 1.150 .932 91.5 
20 l.50 .868 100.5 
24 1.250 .830 105.0 
28 1.250 .822 104.0 

Run #2: 120 mva synchronous condenser, Initially loaded 

to 90 mva and Vt 1.15 per unit. 4 compensated 
50% at end of 8 cycles. 

Cycles Mvar Vt 
Output 

(Faulted) O 
430 

4 - -- - 48 
(Cleared) 8 61 

12 1.860 1.079 78 
16 ¿.030 .94 91.5 
20 ¿.135 .946 100.5 
24 2.185 .905 104.5 
28 2.200 .894 104.0 

Run #3: 120 mva synchronous condenser, initially loaded 

to 90 mva and V 1.15 per unit. compensated 

90% at end of 8 cycles. 
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Cycles Mvar V 9 
Output t 

Faulted) O 4 

4 ----- 48 
(Cleared) 8 61 

12 .76O 1.210 77.5 
16 4.175 1.143 90.5 
¿O 4.420 1.105 99 
24 4.740 1.087 103 
28 4.630 1.076 101 

The study assumes all Internal voltages remain constant 

over the interval involved. Normal Midway bus voltage is 

1.15 per unit on a 200 kv base. Most notable is the 10 

to 2O improvement in voltage at Ìidway for the case of 

the compensated condenser. The improved voltage in Run 

3 retarded both machine groups but decelerated Coulee 

more rapidly than Bonneville. The net result Was a de- 

crease of the maximum angular displacement between the 

main two machine groups, Coulee and Bonneville. Condenser 

output for 90% compensation climbed to over 5 times its 

initiai loading, riich might prove to be to heavy a jar 

f or an ordinary machine. Actually with 90% compensation 

we would expect even a more violent jolt, if the bus 

voltage had reduced to 1.006 as it did in Run 1: 

: V I(x XT) : 1.15 + .9o(.371 + .062) 

= 1.489 per unit. 

(If the output Is measured at the bus,) 
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t 
t I 

Ed - V 1.489 - 1.006 = .483 : 5.0 p.u. 
____________ 3?1 x .1 i .062 .097 

X+iCq2 xc 

Expected mvar output : 5 x 1.006 : 5.03 = 503 nivar. 

Evidently, the etfects of cor'pensation in nearly all real 

eases will be partially nullified by the improved voltage 

at the condenser bus, which then roduoe the output below 

what would be expected if the condenser were connected to 

an infinite bus. The nullirying effect is not too great, 

however, but sorne de1iber-tion should be allowed this 

point in design. ,ulte apparently, the system is more 

stable when excess kvar enters the system rollowing the 

fault. How much more rigid the system is, or what new 

power limits could be attained with stability under this 

operation of the condenser will require further studies. 

We did notice that nearly doubling the condenser output 

by compensating 50% had negligible effect upon the angu- 

lar separation, but the improved voltage would allow more 

angular separation without losing step. 

To boost the reactive generation during fault con- 

ditions does not reduce to the single method applied in 

the previous study. Actually, we migjat employ any of the 

following methods: 

1. Super-rated condensers, normally only partially 

loaded. 

2. Low reactance condensers. 
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3. Ultra-high speed excitation sistens. 

4. Added banks of capacitors. 

o. Capacitor banks suitched from wye to delta. 

6 Lerie s- capaci tor coipensati on for s jnchronous- 

condenser reactance. 

In all cases except riuiìibers i and 2 the large increment 

in kvar output could be delayed until clearing of the 

fault. Methods i and 2 have onìe point against thorn on 

this account. quantitatively, the practicable instan- 

taneous output current that could be roalizd by each 

case, neglecting subtransient effects, compares as 

follows: 

(li calculations are on a 50 rnva base.) 

Assume = .9 por unit and initially V : 1.0 p.u. 

Case i Normal_condenser; 

50 mva, : 40%, 13.8 kv. 
= 1.0 + 1 x .4 : 1.4 per unit 

I 

1ç1 : Ed - Vt : 1.4 - .0 1.25 per unit. 
.4 

Case 2 super-rated condenser: 

100 mva, x : 40% on own base 

: .40 x 50 : .2 at 50 niva 

: 1.0 i x .2 1.2 per unit 

d : 1.2 - .9 : 1.5 per unit 
.2 
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Case 3 Low reactance condenser; 

50 mva, Xd 

Eic : 1.0 + i X .2 : 1.2 

id 
: 1.2 - .9 * 1.5 per unit 

Case 4 U1tra-hih speed excitation: 

l3ven the fastest excitation systems require .1 seconds 

to produce any noticeable change in condenser armature 

current, and wo recall 25 cycles were reluired to raise 

the output of one such condenser from 1O.O()O kva to 

b5,000. In 10 cycles about twice the initial current 
might possibly be attained, but only if the condenser 

were initially only partially loided or had a very sub- 
stantial field winding, thit could endure the forcing 

volti.ges and current. Such excitation cannot be obtained 

cheaply but has no physical limitation which prevents 

it from boosting condenser output to values conparab1e 

with those of these other methods and almost the same 

amount of time. 

Case 5 Added capacitors: 

The addition of an added bank of 67.5 mva of capacitors 

would be necessary to obtain 2 p.u. current on 9O, 

voltage, if a 50 mva condenser were already in service. 

1.25 per unit I .75 per unit 

Capacitor mva .75 x .9 x lOO : 67.5 mva. 



Case 6 Gacacitors switched from wys to delta: 

50 mva Y bank 

Connected ¿ at Vt : .9 per unit 

1.7322 x .9 : 2.7 p.u. current 

(Commercial capacitors can withstnd 2 times normal 

voltage for 10,000 cycles.) 

Case '7 series-capacItor 
t 

compensation for x: 

50 mva, : . x Xd = .2 per unit 

1.0 + 1 x .4 1.4 per unit 

- Vt : 1.4 - . : ¿.5 per unie current. 
.4- .2 

Xd xc 

Obviously, methods i or 2 have the least to offer 

and are ver unattractive financially. One school of 

thought on th ratio of capacitors to condenser kvar 

recommends operation of condensers only partially loaded 

during off-peak hours and use of sparo capacity for peak 

periods. Yet, the calculations above thmonztrate how 

this lowers the internal voltage and consequently, greatly 

diminishes the regulation capabilities of the machine, as 

well as its contribution to stability during fault 

conditions. The machine losses do not proportionally 

diminish for this type of operation. The low reactance 

machine is an improvement over the nonai 40 transient 

reactance machine, but the added cost Is discouraging. 



hich o1 the remaining methods is the most attractive 

depends upon many additional considerations to be äis- 

cussed later. At least, the series-capacitor compensation 

soneme rates well among those listed, and promises to be 

an intriguing subject ior investition. tike rnany 

investigations new angles are apt to appear---- perhaps, 

more significant than tìe original reasons for the 

investigation. 



Chapter VI 

Experimental Tests of a Synchronous Condenser 

Compensated With a Series Capacitor 

Compensation for synchronous-condenser reactance 

appears to be a very effective method for suddenly 

magnifying the condenser output by several times. The 

method boasts of a degree of novelty, but actually it is 

practical and effective. To obtain experimental data 

regarding the performance of condenser and capacitor in 

the proposed arrangement, a simple one machine and infinite 

bus system was simulated in the laboratory. The circuit 

diagram appears below: 

Load Bus 
E3 ec E2 

p i 

I 

I 

il 
Infinite 

F1 C 
X1 r1 Bus 

j 

e0 Load 
s 

Fig. 15 Experimental Test Circuit 

z 
i me : r1 j jx1 : .0374 s' j.3524 per unit 

ZT : .027 4. j.024 p.u. 

: 
18.75 kw. : 100% Power 

Xd .76 p.u. 
s 

Xd .221 U 
(3 kva Distribution Transformer 

'T 

Xd 
connected 110/440 volts) 

: .101 

re : .036 p.u. 
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R2 = 4.07 p.u. 

It must be emphasized that the machine impedances are 

much lower than those for conventional sdnchronous 

condensers. Consequently, compensation will not have as 

great effect as for a h1her impedance machine. Too, a 

step-up transformer had to be used to obtain the desired 

compensation with the capacitors available. This intro- 

duced added circuit impedance which had to be subtracted 

from x0 to obtain the true compensation for Xd. h2 appears 

as a damping resistor to reduce hunting, and oscillations. 

In addition, the machine's magnetic-circuit time constants 

and the mechanical inertia are much smaller than for 

larger machines. This caused difficulty in attempting 

to switch the compensation into the line during the 

relatively short transient period of condenser output 

current; thus, most of the oscillcgrams show the insertion 

of compensation after the transient has died out, and it 

is felt that this demonstr-tes basic operation just as 

well, especially since the transient current is small. 

The proposed sequence of operation consists of the 

following: 

1. A fault condition depresses terminal voltage l0 

or moro. 

2. A voltage element activates the time-delay relay, 

which trips the capacitor shorting breaker after 



58 

the fault is cleared and blocks tripping for 

voltaes below which recovery is impossible or 

below whicri overload on the capacitor and condenser 

occur. 

3. The shorting breaker recloses after an interval of, 

say, 3 to 5 seconds, or after voltage recovery. 

The first test approached this operation by, 

1. )epressing the condenser terminal voltage by 

suddenly switching on a shunt inductive load. 

2. opening the capacitor shorting breaker rapidly 

after the initial voltage depression. 

The osci1log'arns taken show the original stea3y-state 

condition with no shunt load, the application or load and 

resulting voltage depres.ion of b,, and finally, the 

insertion of compensation which elevated E2 and lowered 

E3. The series-capacitor voltage is proportional to the 

condenser current. Actually the capacitor was switched 

in a little late and should have entered the circuit only 

several cycles after the initial voltage depression, if 

the compensation was to be effective during the transient 

current wave, as it would be on a real system where the 

transient time constants aro of the order of several 

seconds. The belated insertion of the capacitor only 

reduced the internal voltage and magnitude of current 

from the condenser after compensation. The following 



Oscillogram i Suddenly Applied Inductive Load 
0% Compensation R2 200 Ohms 
(Refer to Fig. 15, page 56.) 

:39 

E3 

E2 

i 
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IC 

E3 
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e0 

Oscillogram 2 Suddenly Applied Inductive Load Followed 
By Series Capacitor Insertion 
66.5% Compensation R2 200 Ohms 
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Oscillogram 3 Suddenly Applied Inductive Load Followed 
By Series Capacitor Insertion 
76.4% Compensation R2 200 Ohms 

E3 

E2 

IC 

Oscillogram 4 Suduenly Applied Inductive Load Followed 
By Series Capacitor Insertion 
90.8o Compensation R2 Ohms 



Table 2 

Data For OscillograTns 1- 

(Refer To Fig. iS, Pago 56, For Legend) 

Vôltii Aer s 
OsciUogra Compensa- 

No. tian % El E2 E e Cp e ic_ tm If Txue =L 
Before 

o 268.5 285.5 285.5 0 0 U015 
______ 

u.o5 
______ 

O ______ 
L.7 - Load 

1. -______ _____ ______ ______ ______ - After 

o 261.5 266.0 267.0 0 0 5.5 21.65 17.5 L.7 Load 

o 
________ 

267.5 285.0 285.0 o o 

- 

U.LS 
_____ 

11.3 0 

_____ 
L? 
_____ 

Eefore 
Load 

2. _____ _____ ---- ----- - Lfter 
66.5 261.8 277S 257.0 12.2 53 ¿3.35 26.2 13.2 _h.7 .oad ___________ 

o 268.5 285.5 285.5 o o u.l 
- 

u.oS ___ o 

__- 
Li.7 __ 

Before 
Load ___ 3. 

76.1k 26L0 286.0 

- 
252.0 

___ 
l8J. 

--- 

77.8 9.6 25.6 18.6 I.7 fter 

o 268.2 285.0 255.0 o o 11,2 11.05 o 1.7 Re' 
Load 

14. ______ ______ ______ _______ ______ ______ - ______ After 
90.8 26I.5 29Lo 2I6.O 2t.S5 lOLi.7 11.6 30.5 19.3. 1.i Load 

Before 
o 267.5 285.0 285.0 0 0 11.2 11.05 o b.? Load 

s. 
90.8 262.5 292.5 21S.O 2h.Q 

______ 
103.6 11.3 30.1 18.85 1.7 After 

Load 



62 

E3 

E2 
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Oscillogram 5 Suddenly Applied Inductive Load Followed 
By Series Capacitor Insertion 
90.8% Compensation R2 200 Ohms 
(Refer to Fig. 15, page 56.) 

figures are the oscillograms and data for 0, 66.5, 76.4, 

and 90.8 per cent compensation for x, respectively. For 

these oscillograms a high internal voltage was maintained 

at the value corresponding to rated field current and 

considerably less than normal current. Higher than 

normal terminal voltages had to be used to reduce the 

condenser current. Otherwise, the series-capacitor 

voltage rating would have been exceeded. The infinite 

bus voltage remained constant within 2.6. Ihe plot 

below describes the general variation of condenser 
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1.2 

1.1 

1.0 

.8 

Fig 16 

.7 

.6 

.14 

.3 

.2 

el 

o - 
E3 

______--: ::::::: 

- i 
o 

--!-:--- 
Ie nd) 

o -- 
o io 2030 140 o 6o 70,80 90100 

Percent Coenaation For 

ResultB of Osoillogrwns Showing Steady-State 
Current and Voltages For Constant Load and 
Constant Sending-End Voltage 
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terminal voltage, oondenaer bus voltage, load current, 

and condenser current for varying degrees of compensation. 

It merely illustrates how much the compensation can 

improve the receiving-end voltage of a transmission line 

with no other ties. 
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The portion of the oscillograms just arter Insertion 

of the capacitor displays little transient ef1ect 
t 

because or the small resultant voltage, E - Et, and a 

masking oÍ detall by the small amplitude used on the 

oscilloram. Increased compensation clearly produces a 

larger current, and almost instantaneously, within a 

cjcle or two of the insertion time, elevates the bus 

voltage to its new steady-state value. If the insertion 

had occurod during deca,r of the condenser current, then 

the voltage elevation and condenser current would have 

been still greater, but they would eventually decai to 

the steady-state value already shown on each osclllogram. 

Furthermore, the rapid rise of load bus voltage with 

condenser current has greatly subdued the current one 

would expect from calculations using the initial depressed 

voltage, occasioned by suddenly switching on the inductive 

load before the capacitor is introduced. This effect 

was mentioned previously on the large system with inter- 

ties. In this single machine problem line regulation 

portrays an important role, and any calculation of con- 

denser current following compensation must unavoidably 

include line impedance. Consider the case of 90.8% 

compensation and R2 : 0: 

Before load is switched on: 

E1 : 268.2v 1.119 p.u. 
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E2 = 285 y : 1.188 p.u. 

: 11.05 amp : .246 p.u. 

.221, re - .036 p.u. 

Neglecting resistance drop, 

- t 

- + l X 

= 1.199 + .246 x .221 : 1.242 p.u. 

The maximum value of transient condenser current upon 

depression of terminal voltage by the load is 4ven br 

t t t t 

= - V . Vt is mea3ured form the oscillogram 
re + jx 

as 1.110 p.u. (Instantaneous voltage 

after the load is applied.) 

I 

1.242 - 1.110 : .590 p.u. 
.036 + j.22]. 

After insertion of comiDensation: 

C : 240 1fd., jx : 1 X io6 : i = .225 pu 
l 77 x 240 3.075 

: .027 + j.024. p.u. 

Terminal voltage just before compensation 

= 1.093 p.u. (measured) 
t 

: internal voltage just before compensation 

: 1.093 + .532 x .621 : 1.211 p.u. 
t 

ja : steady-state condenser current achieved just 
o 

before insertion .532 p.u. (measured) 

Ir the condenser terminal voltage remained depressed 

after compensation the maximum condenser transient 

current, neglecting subtransient effects, would have 



I 
f 

been, id Ea - Vt0 .532 X .22]. 

re .p rt 4. j(x 4. Xt - .063 + j.020 

: 1.79 per unit 

Actually the bus voltage did not remain depressed because 

the increase in condenser current immediately brought 

up the bus voltage, E2. As measured the maximum value 

of i after insertion was .689 per unit. 

A more precise solution for i can be made. Noting 

frcn the oscillogram that the load current remains 

essentially constant and lags E2 by 900, the circuit 

reduces to the following equivalent: 

.O6 + j.221 -i.226 .037+j.352 Infinite 

Zeq 

BU8 

Fig. Equivalent Teat Circuit Representation 

By Thevenin's Theorem: 

z : (j2.89fl.o36.j.22l-j.226.o27+.o24) 4. .037+j.352 
eq .06+.027pJ( .221-.226+.O24+2.9) 

Zeq : .099 j.373 per unit 

Since i In the readings can be obtained as the algebraic 

difference, il _ m' c and m are nearly 
opposite in 

direction. I,. lags E2 by 900; therefore, i leads E2 by 

900 approximately. Il and the line impedance are nearly 
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all reactive, making E1 and E2 in phase. Hence, 1 leads 

E1 by nearly 9Q0 

After capacitor insertion: 

t 
t 

- (.099 + 3.373) : Ed 

1.104 L°° -ji(.099 + 3.373) l.2l1° 

(1.104 + .373 i)2 + (.099 
)2 

: 1.2112 

: .286 per unit 

= i + i ; .286 + 19.1 : .710 p.u. : 31.97 amps. 
45 

This agrees reasonably well with the observed maximum 

transient condenser current after compensation, i 31 

amperes. 

foregoing calculations suggest that the increment 

of condenser current engendered by compensation depends to 

a large extent upon: 

1. The initial condenser internal voltage behind 

transient reactance, as set by excitation and the 

original terminal voltage before the fault. 

2. The amount of initial voltage depression. 

3. The degree of compensation. 

4. The driving point impedance of the system as viewed 

from the condenser bus. Actually a small subtran- 

aient component of current appears when the capaci 

tor enters the circuit, but its duration Is too 

short to warrant consideration in this application 
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to stability. 

Evidently, a high driving point impedance restricts 

the condenser current severely, but only a small increase 

in condenser current Is necessary in such a case to 

brins the load bus voltage up again. Compensation on a 

system with low driving point impedance, as at points of 

inter-tie on large power systems, will ore-te hIgier 

condenser currents because the load bus volta» will not 

be so susceptible to change with the output of the 

synchronous condenser. 

zany oscillograsis were taken of different conditions. 

In 6 eneral, too much compensation, low excitation, low 

terminal voltage, or any combination of these easily led 

to instability of the synchronous condenser orxiunting 

conditions. Of course, the smlli low-inertial machine is 

more prone to hunt than the 50 mva condenser, but both 

machines comply with the same physical laws governing 

hunting. Like the larger machines this test machine had 

a damper or rnortisseur winding which normally suppresses 

hunting in larger maclimes o a good extent. hen the 

terminal voltage varies duo to the hunting of the 

synchronous condenser, tha hunting becomes cumulative, 

and much more serious than in the case where the bus 

voltage Is less dependent upon the condenser output, as 

in a larger power system. Practically all these 



oscillograms display some hunting tendencies upon change 

of external circuit constants, whether the machine is 

compensated or not. Note the sinusoldally varying 

character of the envelope of the condenser-current wave 

in each case. In oscillograrns 6 and 7 two cases are shown 

when the capacitor was inserted into the circuit with 

only the condenser and line impedance attached to the 

infinite bus. The case with 85% compensation was 

decidedly less stable than the 66.5 case, although the 

machine recovered itself each time. The circuit was not 

loaded in these two cases except by the condenser. Hefer 

to Fig. lb, page 56. 

Oscillogram 6 Sudden Insertion Of Series Capacitor 
66.5J Compensation R2 177 Obms 
(hefer to Fig. 15, page 56.) 

E2 

e0 
p 



Osciliogram 7 Sudden Insertion of Series Capacitor 
83.Oìo Compensation R2 177 Ohms 
(Refer to Fig. 15, page 56.) 

E3 

t. 

i 
C 
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In the following set of oscillograms the series 

capacitor was already in the circuit and an induction 

motor was suddenly started at the receiving-end of the 

line. These oscillograms also convey an interesting 

picture of the relationship between compensation and 

the degree of hunting. The same excitation and condenser 

terminal voltage were adjusted for initially, while the 

amount of compensation varied for each case. Without 

compensation, oscillogram 8, the condenser was very 

stable for suddenly applied load. When the load 



E E2 .142+jl.64 
Obms E1 

Infinite Bus 

R2 
e0 

s 

lig. 18 Tist Circuit For Oscillograms 8 - 10. 

Oscillogram 8 sudden Starting of Induction iotor 
0 Compensation 2 177 (bns 
(Refer to Jig, 18, page 71.) 

7]- 

E3 

ja 

IC 

Instantìneous1y derssed the terminal voltage we observe 

the condenser resoonded immediately. This is the valuable 

inherent regulation characteristic of the synchronous 

condenser in action, which involves no time delai since 



Table 3 

Data For Oacillograis 6 - 10 

Volte (Refer To Fig. 15, Page 6) Amperee 

Oscillograzn Compen.. E2 E a0 e0 i I Tini. 

No. sation 1 c 

213.7 213.7 2Li3.O 2IiO.O O O 32.3 0 32.3 ¿.i.7 Before 

6. 
Ioad 
After 

66.E; 223.0 27J. 223.0 18.37 79.7_ 39.8 0_ 39,8 t.7 Load 
__________ 

Before 

o 21h.2 2ì3.0 2l.O.0 O O 33.9 0 31.9 L.7 Load 
7. 

83.0 t 227.0 262 218.6 23.6 102.0 1.9 ___ O ___ 1.9 ___ .7 
After 
Load 

8. O 
2]J.2 213.0 2O.O 

___ 
O 

___ 
O 32.5 o 32.5 I.7 ___ Load 

o 

___ 
210.0 

___ 
236.0 

___ 
233.5 

___ 
0 0 29.9 

-.---- 

S. 

- 

35.0 t.7 After 

______ ______ ______ Load __________ __________ 

66.; 

______ 

2IO.0 

______ 

269.0 

______ 

21i0.O 

______ 

lh.9 

______ 

65.0 32.3 0 32.1 I.7 Before 

9. 
Load - ______ - ______ ______ ______ ______ ______ ______ 
After 

236.0 261.8 230.0 16.6 71.O 27.7 7.O_ 36,3 L.7 Load 
- 

Before 

83,0 21t6.3 27L2 210.0 18.1 77.9 31.9 0 

-- 
31.8 

- - 
¿i.7 

______ 
Load 

______ :io. 

83.0 
--- 

2L2.O 
_______ 

--- 
267.8 
_______ 

-_ 

229.9 
_______ 

______ 
20.9 
_______ 

______ 
90.0 

_______ 

______ 
29.3 
_______ 

7.5 
_______ 

36,2 
_______ 

Li.? 
_______ 

After 

Load 



Oscillogram 9 Sudden Starting of An Induction Motor 
66.5% Compensation R2 177 Ohms 
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the condenser current must satisfy the equation, 

, at the Instant Et changes. E, the voltage 

behind transient reactance, cannot change immediately 

because the armature flux-linkages cannot change suddenly, 

as stated In the theorem of constant flux linkages. 

Actually a small sub-transient component of current occurs 

during the first several cycles, but the short duration 

produces negligible effect on stability and deserves 

consideration only from the standpoint of momentary aid 



Oscillogram 10 Sudden Starting of An Induction Motor 
83% Compensation R2 177 Ohms 
(Refer to Fig. 18, page 71.) 
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io 

t;o voltages. The usual exponential decay of current is 

barely detectable because of the poor regulation of E2, 

which tempers the magnitude of i. 

Unfortunately, suí'ficient capacitors were not avail- 

able to determine what amount of compensation would just 

start hunting. The tendency to hunt depends upon the 

inertia, terminal voltage, excitation, and reactance of 

the machine. The hunting is the result of shock to the 

machine when the terminal voltage is suddenly depressed. 
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The power or displacement angle of the rotor migt change 

slightly for the new terminal volt.ge condition and the 

re-distribution oÍ flux in the .ir-gap, ince the corripen- 

stion effects the depression of V, the amount of compen- 

sation directly influences the tendency to hunt. ihis is 

very apparent in the oscillograms above, where 33 compen- 

sation produced a very strong propensity to hunt. Had 

the bus voltage, E, fluctuated less after application 
of the load, then the rocKth rotor would have been more 

rapidly subdued. There is no doubt concerning the ampli- 

ficatio of condenser current by this means, out te 

hunting. roblern poses a series limitation, oven at lower 

values of compensation below bO/o. However, the inertia 

of larger machines will permit them to ride through 

disturbances, such as these, with relative ease. 

If large synchronous condensers cn maintain 

stability ori 10 to 20/o normal voltage, tnen let this be 

the criteria for the maximum permissible value of corn- 

pensatlon for stability. For a 4Y,. transient reactance 

machine carrying 1 per unit originally, the maximum 

compensation by this criteria can be computed as a 

function of minimum bus voltage: 

- 1.0 p.u. original steay-stte terminal voltage 

1.3 * .4 1.) 1.4 p.u. 

Maximum permissible ) i 1.4 - .1 3.o p.u. 
.4 
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Fig. 19 Stability Chart For a Compensated Condenser, 

4 = 40%. Minimum Condenser Terminal Voltage 
For Stability Assumed 10%. 

Let .3 p.u. be the minimum bus voltage for which we wish 

to maintain stability; then the maximum permissible 

compensation is, 
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bus,- '1t .3 - .1 = .D616 p.u. .0616 x l0(.) 

i_l 3.5 .4J0 

x l5.4> Compensation 

As a further illustration suppose system voltages were 

such that The condenser bus voltage could not decrease to 

lower than .ô p.u. voltage except for a bus fault, in 

which case instability would ensue regardless. Then we 

could lerate 30.8T compensation: 
Xc .5 .1 .123 p.u. .123 x 100 = 30.8% compen- 

3.25 .400 
sation. 

The çu Fig. 9 was computed similarly. Past 

experience with the experimental macnine has shown that 

stability exists until about 40 terminal voltage. In 

oscillogram 10 with 83% compensation, the terminal 

voltage shrank to .595 per unit on the first big dip, 

and the machine barely remained in step. If the load 

bus voltage had been much lower, instsad of rising as it 

did, then the condenser would sure1 have lost 

synchroLui sm. 

Ior large currents durLng cortpensation emphasis must 

be placed upon a high Internal voltage in the machine. 

By this reasoning one might recommend a faIr1 high 

reactance machine to obtain the high inernal and then 

compensate hi:hor than would be required for the low 

re-ictance mchine. Howver, the fallacy of this reason- 

ing becomes aparent in a stmple calculation. ror example, 



let the initial condition be Vt - 1.1) p.u. and the 

trans1nt condition be V = .5 p.u. 

.3 p.u. : 1.0 + 1.0 x .3 - 1.3 p.u. 

Maximum compensation allowing 10% minimum terminal 

voltage: i (max.) - 1.3 - .10 = 1.2 4.0 p.u. 
.3 .3 

= .5 - .1 .13 p.u. .33.3 compensation 
4.0 

= 1. - .5 = 4.0 p.u. 
.3 - .1 

- 

.6 p.u.: 
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1.3 + 1.0 x .6 = 1.6 p.u. 

Without compensation the above case I. 4 0.3 p.u. ) 

gives 2.67 p.u., and with 4 .6, i = 1.6 - .o = 

.6 

1.11,B33 p.u. ( Note how much sma1l..r 1 is In this 

case if no compensation is used. ) 

1iaximum compensation allowing 13 minimum terminal 

voltage; 

(max.) = 1.6 - .1 2.5 p.u. 
.6 

Xc .5 - .1 = .16 p.u. = 26.6, compensation 
2.5 

The 60> machine can produce only 2.5 p.u. current with 

stability on 53,. bus voltage while the lower reactance 

machine of 4 : can withstand 4.0 p.u. arid yet main- 

tain stability. Evidently, the gain in internal voltage 

derived by increasing the machine's reactance is all 
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lost because the voltage has to work through a higher 

impedance and yet preserve l0 voltage at the terminals 

of the machine. The function for maximum permissible 

current for stability, i (l.0 -) 

obviously, decreases as x increases. 

recourse for large output is to empio 

machines and maintain a high internal 

the machine well loaded. 

What happens if the condenser is 

- .1 - 1.0 - .9 

Xd 

Hence, our only 

y low reactance 

voltage bi keeping 

drawing lagging 

current or is under-excited when compensation Is intro- 

dueed? In this case, i 0.9 1.0 
i ( - xc) 

rHC System 

: .9 

Fig. 20 Equivalent Ciràuit For Compensated Condenser 
When Drawing Lagging Current 

and the amount of lagging current only increases. Clearly, 

relaying must guard against such operation when the 

condenser is used to aid stability. 

Pre-suppose that the condenser normally operates 

at zero output and Is used only to correct for large 

voltage fluctuations. Then, the capacitor is inserted on 

a voltage rise or depression or -what is better- 

remains in continuous operation. As a matter of fact, 



at zero Output the presence or absence of the capacitor 

does not affect the condenser output. When Eb decreases 

suddenly, the current becomes strongly leading, and when 

the voltage suddenly jumps, the current becomes strongly 

lagging. Both currents are in such a direction as to 

oppose voltage changes. The machine merely appears to 

have a lower reactance. 

So far we have limited the amount o1 compensation 

for 4 to considerably less than 100 percent. It was 

observed in previous data and is recognized that some 

system impedance is present and invalidated the assump- 

tions of a true infinite bus at the condensr substation, 

even at the 230 kv bus. Likely the to 10% system 

impedance will allow the series-capacitor reactance to 

increase a like amount above what has bee:i used In pre- 

vious calculations. In addition, it should be pointed 

out that compensation above l0O would also result in 

greater than 10, ondenser terminal voltage. Let 

Vb 1.0 , i i 0, .5 p .u., and x = 40>. A plot of 

condenser terminal voltage and current is shown in 

Fig. 21 for varring compensation. It is clear that the 

machine terminaI voltage is greater than .1 p.u. for arid 

value of compensation outside the range 28-38. rorn 

O to 28% the machine is stable and performs correctly. 

From 28 to 38% compensation the machine is unstable. 
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Fig. 21 Condenser Current and Voltage Versus Percent 
Compensation For a 30 Mva, 40% x Condenser, 
Assuming a Constant Bus Voltage of .5 Per Unit. 



From 38 to 1OOo the machine is unstable, and curr&nt 

and voltage ratings of the normal synchronous condenser 

and series capacitor are being strained and exceeded. 

Furthermore, if the bus voltage goes below or above the 

assurne value of .5 for this graph, the condition is 

entirely changed. Below .5 p,u. voltage the stable 

hatched area would diminish; above .5 it would increase 

(see Fig. 19). Beyond 100% eonpensation the condenser 

draws lggng current, which would not be desirable. 

In view of these aspects 1ig. 18 appears to he the best 

source for the amount of compensation to use in the 

practical case. If we wish to Include the effects of 

system impedance in these curves, then assume that the 

s stem impédance has already been subtracted from the 

reactance of the series capacitor in determining the 

percent compensation for x. 

One other physical prob1m arouses a tone of per- 

plexity. All calculations treat the series capacitor 

as compensation for the transient roactance. Yet, we 

know that compensation will increase both sub-transient 

and steadj-state components of current. Eor stabi1it 

pur)oses the sub-transient Is too short to affect either 

the stability of the machine or the system. It is 

important only in the correction for fluctuating voltìges. 

In the steady-state, condenser output Is governed by 



saturated sjnchronous reactance, which is much larger 

than the transient reactance. Since the major system 

swings and the tendency for the condenser and sjstem 

to lose synchronism will all climax before the end of the 

first second after the fault, the steady-state reactance 

of the machine i of little concern to machine stability 
and the tolerable amount of conipenstion. 

Apparently, series-capacitor compensation for 

s1nchronous condenser reactance can multiply normal 

condenser current several times and without any 

hesitation. There are, however, restrictions to the 

amount of comeensation practicable, of which stability 

is one. 'or a normal 4O transient reactance mHchine the 

plot of Fig. 19 shows that even 31 comp:nsation would 

make the machine unstable 1f the bus voltae dropped - 

below .5 per unit. It is not unusual that severe faults 

on alarge system drive some ;oltagos near the fault or 

even away from the fault to values below .5 p.u. and 

iet, do not promote instability. l'or this reason either 

lovi: compensation or a protective relay must block the 

compensation on very low voltage conditions. Usually 

voltages return to well above .5 e.u. once the fault 

Is cleared, and so, careful coordnat1on with breaker 

operating times will conceiveably allow compensatIon to 

about 50 percent with such a condenser. 



Chapter VII 

Continuous Coripensation For Flickering Voltages 

Erratic loads such as arc furnaces, electric welders, 

motors supplying intermittent loads like power saws, and 

the starting of electric motors frequently incita a 

troublesome flickering voltage condition on power systems. 

If the system Impedance between the vacillating load bus 

and the internal voltage of generation were zero, there 

would be zero voltage reguLt!on at that bus, but such is 

not the practical case. Instead, sjstem impedance more 

nearly approximates 5 to lO, so that a change of 1 per 

unit current will induce a 5 to 10% change in voltage at 

the load bus. It has been proposed many times that a 

synchronous condenser be used at the load bus, in e1fect, 

to lower the system impedance and so ameliorate the flicker 

condition. However, the normal 25% subtransient reactance 

condenser helps but little, since the system impedance 

would still be b x 25 : 4.17%. Although a very low 
30 

subtansient reactance would evince considerable improve- 

ment the economics are usually unattractive. Conceivably, 

some installation could utilize a normal condenser with 

financial justification if the condenser could appear 

larger or of lower reactance than its actual cost permits. 
This condition has been approached in practise by placing 

a reactor in series with the feeder line to the load bus 



as shown in Fig. 22. By this means load changes reflect 

a greater voltage change at the condenser terminals and 

produce a larger corrective current from the condenser. 

Supply 
Bus 

Lighting Load and 
Distribution Circuits 

Reactor 
Fluctuating Load 

Fig. 22 Reactor Scheme For Correcting Fluctuating Voltage. 

An alternative proposal for improving flickering 

voltage conditions consists of a compensated synChrOflOUS 

condenser. This application of compensation involves 

continuous compensation which, in effect, avails the 

flickering load bus of a low impedance condenser at all 

times. The equivalent machine steady-state reactance as 

viewed from the load bus becomes lower with increased 

ccnupensation, which consequently, increases the steepness 

of the machine's characteristic V curves, as shown in 

Fig. 23. Thus, a small change in terminal voltage creates 

a much larger increment of current change for the comperi- 

sated machine than it does for the uncornpensated machine. 

The compensated condenser proves a much better voltage 

regulating device than the same machine uncompensated. 

Likewise in the transient state the apparent lower machine 

impedance may provide the best solution for flickering 
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Fig. 23 Effect of Compensation on Synchronous Condenser 
Steady-State Voltage and Current Relationship. 

voltages. 

Both the compensated condenser and reactor plan 

suffer stability infirmities, 1f employed with too much 

compensation and reactance, respectively. In addition, 

the customer load bus still fluctuates in the reactor 

8cheme, which may or may not be an objection, depending 

on the nature of the load. If the fluctuating load 

contains no lighting load but only motors, then the 



reactor behaves like a starter for the starting and load 

acceptance processes experienced by the motor. Line 

surges will then be smaller, but motor torques will de- 

crease correspondingly. An example will better illustrate 

the characteristics of this plan: 

Assume the following typical circuit: 

.03 s. j.05 

tZ11 
p + jq 
(Load) 

Ea 

Infinite Bus 

Fig. 24 Normal Condenser Used To Correct For Fluctuating 
Voltage. 

10 Mva Base 

5 Mva Condenser; x': 25% on own base : .5 at 10 mva 

p + jq : i - j.5, m : i - j.5 : i j.5 
1.0 

= 1.0 
, 0 : 

j.5 : j.5 
1.0 

Then steady-state operation establishes Ea; 

Ea Eb f. ii (.03 t j.05) : 1.03 + j.05 1.03 p.u. 

t, It 

Ed : voltage behind subtranalent reactance i f iQXd 

: 1 + j.5 x j.5 : 1.25 p.u. 

During a transient condition when jm suddenly jumps to 

4 - j2, Eb 0811 be determined as follows: 

EaEb:Zi(i+1m) 
(1.03 sin 6 f. j 1.03 cos 6) - LQ : (.03 j.05)x 

[(4 - j2) + j (1.25 - Eb) 
I .b 



(1.03 sin 8 - Eb) j(1.03 cos 8 ) : (.095 + .ÌOEb) 

j(.215 - .O6Eb) 

1.03 sin 0 - Eb - .095 + lOEb 

1.03 cos O = .215 - .06E --------------------- (2) 

Simultaneous solution of equations i and 2 yield, 

Eb : .836 p.u., i' : 1.25 - .836 z .828 p.u. 
C .5 

(Check): Ea : .836 - - i0) Z1 : .836 

(4 + jl.172) (.03 i j.05) = 1.03 p.u. 

Without any condenser the same current surge of (4 - j2) 

would produce a voltage dip of .80 p.u. 

(Check): Ea = .80 + (.03 + j.05) (4 - j2) : 1.03 p.u. 

This clearly demonstrates the meager benefits from a 

normal condenser for such an Installation, for the 

condenser produced only a 4.5 % ohange in the voltage 

during the transient phenomenon from what it would have 

been with no condenser. 

For the reactor plan with a 5% reactor and the same 

conditions, Sb can be calculated as follows: 

j .05 

Infinite Bus 

p + jq 

Fig. 25 Reactor Plan For Correcting Fluctuating Voltages. 

Norma1]y: 5b : 1.0 k ' m : 1 - ' 1 = #j.5 
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E0 E0 kO 

E0h0 EbI jx - i0) : l.OL. j.05 (1- j.5 - j.5) 

E0 : .999 p.u. 

(Note that the reactor changes the C bus voltage very 

little during normal operation from its value without the 

reactor.) 

Ea : .999 . l.O(.03 i. jl.0) = 1.029 + j.1 : 1.035 p.u. 

't 

Ed .999 + .5 x .5 = 1.249 p.u. 

During Transient: : 4 - j2 

(1.035 oos e . jl.035 sin e ) - E0&° : (.03 + j.l0) i 

r(4 - j2) . j(l.249 - 

L 

E0 : .747 p.u., i' = 1.006, Eb .823 p.u 

(Check): Ea = Eb + (.03 + j.05) tm + i') : 

: .823 (.03 4 j.05) (4 - j2 f jl.006) = 

= 1.035 p.u. 

If the caso with only the condenser is compared with this 

caae involving a series reactor, we deduce that some 

current surges would cause worse fluctuation of E in the 

reactor plan than without the reactor, even though the 

condenser current in this case exceeds that for just the 

normal condenser connection. This is particularly true 

if the surge current has a large real component because 

the reactor shifts the load current back in phase rela- 

tionship to Eb and Ea that a larger quadrature 
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component of current flows through the line reactance. 

Without Reactor With Reactor 

Fig. 26 Reactor Plan Shows Larger quadrature Component 
Of Current Than Normal Condenser Application 
Without Reactor. 

This, then, decreases Eb The next calculation illustrates 

the effects of a purely reactive load. 

Since most current surges result from the rise and 

support of magnetic fields they represent mostly reactive 

energy. The most severe surges will be of this nature, 

such as when an induction motor Is started or when a 

transformer la suddenLy excited. For this reason, a 

case is treated when the current jumps to -j4 p.u. 

With no reactor Eb dipped to .836 p.u. and i' : .828 

p.u., while with a 5% reactor : .849 p.u. The same 

Initial conditions of Eb 1.0, Ea 1.0, and IC : j.5 

prevailed in each case. In this case the reactor improved 

the "B" bus voltage by roughly 1.5%. 

A more elegant method for stabilizing the load 

bus voltage might consist of compnsating the condenser 

reactance with a series capacitor. A case was tried with 

20% compensatIon for the same 5 mva condenser: 
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E' 

Î 
Infinite Bus 

-j.l 

Fluctuating Lighting 
Ea 

Load Load 

Fig. 27 Circuit For Serios Capacitor Plan For Correcting 
For Fluctuating Voltage. 

: -j.l p.u. at 10 Uva 

Initially: 1m 
: i j.5, : j.5, Ea 1.03 )U 

: 1.0 + .5(.5 - .1) - 1.20 p.u. 

(Note that compensation has lowered the internal voltage 

in order to preserve the same terminal conditions.) 

Transient: im : 4 - j2 p.u. 

(1.03 008 e p jl.os sin ) - : [4 - j2 + .1(1.20- 

x (.03 + j.05) 
I, 

Eb z .843 p.U., id 1.20 - .843 .893 p.u. 
0 

(Check): Ea .843 + (4 - j2 p j.893) (.03 + j.05) 

1.03 p.u. 

Several values of compensation were tried for the same 

currents used in the reactor cases. The data from these 

calculations are plotted below as functions of the amount 

of compensation, or reactance in the reactor case, 

Evidently, the reactor scheme manifests some merit for 

reactive current surges, but it cannot be relied upon 

to correct voltage depressions caused by sudden surges 

of real current. On theother hand, the compensated 

condenser current is impartial to the type of current 
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i0 = j.5, and Transient Current : 4j2. 

surge and depends only upon the magnitude of the depressed 

bus voltage. Any depressed voltage condition is, thereby, 

improved by the compensated or uncompensated condenser. 

Even 20% compensation does not affect the bus voltage 

appreciably, although there is some improvement over no 

compensation. As mentioned earlier, the reason lies 

mostly in the fact that t-ìe condenser reactance compares 

too high with the line reactance. With even 50% compen- 

sation the condenser reactance is still 5 times the line 
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reactance. This fact must be well acknowledged before 

proposing that a certain condenser be installed to improve 

flickering voltage conditions. If the hypothetical in- 

stallation had used a larger condenser then we could 

expect more improvement In EL,. The case shown in Fig. 30 

treats a 25 Mva., 25% reactance machine and a surge 

current o1 -510 p.u. Instead of only -j4 p.u. With 

consideration only to "B" bus voltage a lO reactor 

plan transcends the performance of a 40% compensated 

condenser. The reactor improves the "B" bus voltage by 
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13% while the compensated condenser Improves the voltage 

by only 6%. However, the reactor plan forces the flick- 

ering load bus down to only 43% voltage, which may be 

quite undesirable for motor operation. From a stability 

viewpoint, the condenser terminal voltage has declined 

to only 53% in the compensated conuenser case, and, hence 

would provide a more stable machine than the reactor 

, 
plan. both plans, however, further lower the stability 

limits of the condenser in actual practise, because the 
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normal oporating excitation must be lowered in order to 

preserve the original conditions before the plans were 

introduced. The comp3nsted condenser case can be made 

to perform as well and 11 not botter than the othr plan 

by merely comp3nsating the condenser until the condenser 

current is equal to that for the reactor case. Both cases 

now possess the same stability aproxirnatly, but the 
compensated condenser has the advantage of better terminal 

voltages. 

The foregoing computations and analysis sugest 

sanie of the important points to consider before installing 

a compensated condenser to correct for flickering 

voltages. These points might be enumerated as follows; 

1. Lietermino the system impedance. 

2. Choose a condenser with low enough subtransient 

reactance to measurably lower the system impedance 

when compnsated. 

3. Compensation can be used to lower the condenser 

reactance to the approximate value desired, pr'ovided 

a stable machine is assured. Even small hunting 

conditions are to be avoided as much as possible, 
although minor hunting may be tolerated in order 

to correct for bad voltage dips. 

If the condenser is allowed to become too elastic 

by over-compensation then the output current overshoots. 



The undesirable effects upon voltage may appear as shown 

in oscillograms 11 and l below: 

2 
115+jl.083 

Ohm s 

Fig. 31 Test Circuit For Oscillograms 11 and 12. 

Oscillogram 11 Sudden Starting of Induction Motor 
O Compensation R2 O 

If 

E2 

im 
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Oscillogram 12 Sudden Starting of Induction Motor 
90% Compensation R2 0 
Capacitor Already In Circuit 

If 

E2 

IC 

These oscillograms show the transient instigated by the 

starting of an induction motor in parallel with a 

synchronous motor. The portion of the oscillograms 

displayed caught the time Interval during which the 

induction motor starter was thrown from start to run 

position. Because the line Impedance was higher than 

the machine subtransient reactance the normal condenser 

was very effective in stabilizing the bus voltage. In 
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circumstances where the line Impedance is already largor 

than the normal condenser reactance the condenser will 

do a fine regulating job without compensation although 

some compensation will provide even better regulation. 

However, in this case the compensation is probably near 

90% for subtransient reactance, and the beneficial effects 

of co:ipens&tlon are masked by hunting and flywheel effects. 

Note how the bus volto overihoots and depresses in 

oscillogram 12. Back in oscillogram 1, with no compen- 

sation, the process was smooth and effective. This 

emphasizes the importance of maintaining a stable machine. 

In passing, it should be mentioned that oscillograms 

displaying the starting of motors with a compensated 

condenser nearly always showed a more irregular and 

erratic transient than those with uncompensated condenser. 

So far in this chapter we have taken the position of 

the compensated condenser in preference to the reactor 

plan for stabilizing voltages, but each might have special 

merits for a particular application. Any proposed instal- 

lations should be carefully studied with both of these 

plans in mind initia11,, and then one should weigh one 

against the other. The basic distinctions of the two 

plans are; 

1. The compensated condenser sttbilizes the load bus 

voltage, while the reactor plan improves the 
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distribution bus voltage and haris the load bus 

voltaze. 

2. The capacitor cirries only condenser current 

while the reactor must withstand full line current. 

3. The reactor more effectively suppresses condenser 

terminal voltage because its potential drop results 

from full line current, not just condenser current. 

Both plans operate on the rinciple that condenser current 

increases when terminal voltage Is depressed or visa versa. 

Obviously, there is no advantage in either plan for 

steady-state operation because the condenser output can 

always be controlled by the excitation system. However, 

it might be wise to utilize condensers of slightly lower 
than normal voltage rating for these applications in order 

to maintain high internals in the machines and improve 

their stbility. For the same kva machine this means a 

lower reactance condenser. 

In order to describe the performance of the compen- 

sated condenser another powerful taci with which to com- 

bat flicker conditions has been igrored. Series line 

capacitors have been very successfully utilized for such 

purposes. In the previous examples a series capacitor 

would have performed commendably. 

10 Iva Base 

Let X : .4x1 : -j.02 per Uflit} 
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.-j.02 .03 i j.05 

Lighting Fluctuating 
Load Load 

Fig. 32 Series Capacitor Flan For Fluctuating Voltages. 

Initially: m : -j.5 j.5 .5 per unit 
'e 

Ed : 1.0 .5 x .5 : 1.25 p.u. 

Transient: 
1m -j4.0 Ea = 1.0 

008 e + j sine e Eb = (-.j4 + j 1.25 - Eh) (.03 + j.03) 
.5 

By the method of page 88, 5b : .900 ii': .700 p.u. 

(Check): Ea = .900 f (j4 t j17)(.03 + j.03) 1.00 pU 

With 4O canpensation of line reactance 5b dipped to 

.900 p.u. voltage durThg the initial transient, whereas, 

the same condenser compensated 5O allowed E to dip to 

.85 p.u. under the same conditions. Evidently, much can 

be said for series compensation of line reactance as a 
method for reducing system impedance to the load bus. 

M08t cases would, perhaps, be most adapted to this 8olution 

for fliker voltages, but some cases would not. When 

many lines feed the load bus, all of high impedance, then 

this method may break down in favor of one of the two 

earlier plans described. The particular installation will 

determine the best solution for flicker voltages. 



Chapter VIII 

Condenser and Capacitor 'rotectiorx 

One cannot expect to receive the sudden release of 

reactive energy from the s-nchronous condenser when the 

capacitor is inserted without sorne repercussions in the 

machine. The insertion of the capacitor appears somewhat 

like a sudden partial short-circuit to the condenser. The 

current in the stator or armature winding immediately 
ï Iv t, 

rises to satisfy the condition 1d : Ed - V. since 
t, 

xd 

the flux linkages with the field colla cannot instantane- 

ously change, a transient uni-directional current is in- 

duced in the field winding to compensate for bhe demagne- 

thing flux produced by the large armature current. 

(Note the field current in osciliograrns 11 and 12.) The 

sudden large currents in a strong magnetic field exert 

strong mechanical forces and torques between windings 

and between stator and rotor. As a result the armature 

coils, frame, and rotor incur grt mechanical shock. 

Therefore, the condenser must also be of rugged enough 

construction to endure frequent mechanical stresses 

approaching short-circuit oondit.ions. The actual terminal 

voltage in a normal operation with compensation will 

probably not be allowed to go below O or % normal 

voltage, so that the mechanical shock will be somewhat 



103 

less than for normal machine short-circuit conditions. 

However, a bu Lault would impose an especially harsh 

condition, because the machine impedance would be less 

than under normal short-circuit conditions. Po obviate 

urduly austero conditions it becomes necessary to provide 

voltage activated relaying which will prevent compensation 

i1 the bus voltage is already below approximately 40,. 

If this safetj mesure is installed there is every reason 

to believe the average condenser can shoulder the burden 

oì compensation. Laboratory experience has taut that 

compensated condensers do not experience nearly as gx'eat 

a shock as under normal short-circuit conditions. Anti- 

hunt or amortisseur windings and hiwi inertia are very 

desirable features for compensated condensers. Any of 

the small machine oscillograms of previous chapters 

illustrate how easily compensation can lead to bunting 

of low inertia machines. 

e already have considerable experience with series 

capacitors which should facilitato the engineering of the 

proposed type of installation. The capacitor must be 

provided with a shunting device, usually a spark gap, to 

protect it during fault and excessive line current condi- 

tions. Thus, for stability purposes the compensating 

capacitor is shunted by a breaker, which normally is 
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closed, and an arc gap, which protects lt while in the 

circuit. Some economy for this type of application may 

C 

ç 
1( 'ç 

I 

fGaP 

L_.cj_._i O.C.B. 

Fig. 33 Series Capacitor Protective Circuit. 

be realized because the capacitor does not remain in the 

circuit longer than about 3 seconds or 3 x 60 = 180 cycles. 

For continuous line compensation the operation must not 

exceed the capacitor ratings, but on short times General 

Electric and Westinghouse capacitors' may be worked to 

twice rated voltage for 10,000 cycles. Assume a 30 mva 

condenser, x 40%, and that the minimum voltage for 

condenser stability is .2 per unit. Assuming initial 

bus voltage was 1.0 p.u., then E : 1.0 .4 : 1.4 p.u. 

Maximum condenser current allowed is i 1.4 - .2 : 3.0. -X- 
If the terminal voltage is allowed to go as low as .4 

per unit then, x = .4 - .2 : .067 p.u. = .067 x 100 
3.0 .40 

16.75% compensation is the maximum allowable compensation. 

The capacitor rating is e x i /4 = .2 x 3/4 = .15 p.u. 

: 4.5 mva, since twice rated voltage means the capacitor 

can permit twice rated curx'ent. The spark gap would be 

set to flash over at approximately 3 times rated capacitor 

voltage or 3 x .2 = 30% voltage. If the spark gap is set 
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too low minor voltage oscillations or harmonics are liable 

to cause excessive spurious operations. 

It seems very probable that the sudden insertion of 

a capacitor Into an inductive circuit might develop unf ore- 

seen and obscure sub-synchronous oscillations. This would 

possibly alter much of our pre'vious theory. The funda- 

mental circuit below can be analyzed mathematically on a 

transient basis with these approximately valid assumptions: 

in 
ej Emsinat_J\v i__f y = V sin flt 

Fig. 34 Equivalent Circuit of Compensated Condenser 

1. Bus voltage is assumed to remain constant after the 

initial depression. 

2. Internal voltage Is assumed constant by the theorem 

of constant flux linkages. 

3. Saturation and the consequent effects upon leakage 

reactances in the armature and rotor circuits are 

neglected. 

4. The armature circuit is treated Independent of the 

rotor circuits as a simple D.C. resistance and a 

leakage reactance. (Proof of the validity of this 

assumption follows.) 

5. The armature D.C. resistance per phase, r, and 
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average armature 1eakae reactance In the presence 

of a closed field winding are the circuit parameters 

to be used. is closely approximated by the 

negative sequence reactance, x, of the machine, 

which is the value suggested for this application. 

According to the above assumptions the circuit 

equatioci at any instant before capacitor inserbion i8 

rai + di/dt : e1 - y' , where (1) 

': v 

ra Rdc of the armature per phase, ohris 

: 

: x2 /377 henries for a 60 cycle machine 

The solution of this linear differential eauation of the 

first order Is, 

i : C e + (Particular integral or steady-state (2) 

solution) 

The prticu1ar integral would be a simple steady-state 

expression like E sin ( t + + j), except that the rotor 
z 

Induces voltages in the armature which decay exponentially. 

From experience we know the correct expression for the 

particular solution Is: 
-r 

r. 
, t 

, ')e , 
I 

t 

. 

('-V _L;d_1vm (EdVfll 

'4. 
xd Xd x 
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eÇt+Ei-V1sin(J2t4e+) . (3) 

) 

where all quantities are phase values; 

: voltage behind transient reactance : V + ix 

for the condenser. 

Ed voltage behind reactance : V0 +ioXd 

Ed = voltage behind saturated synchronous reactance 

V0+i0x. 

V0 maximum terminal voltage to neurtral before volta&e 

depression. 

= maximum voltage to neutral after depression. 

= equivalent D.C. resistance of the amortisseur or 

damper windings. 

Lam inductance of amortisseur or damper windings. 

D.C. resistance of main field circuit. 

main field inductance. 
t, I 

x d, Xd, Xd machine subtransient, transient, and 

saturated synchronous reactances. 

9 anle of applied voltage wave at which voltage tran- 

si-nt occured. 

= power factor angle. 

( In addition, this equation neglects resistance except to 

determine decrement factors and assumes that V, and all 

internal voltages are in phase, hich is practically true 
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for large leading current and low armature resistance.) 

4 is nearly f'or a synchronous condenser with over- 
2 

excitation. Also, the largest D.C. offset of the armature 

current results if the transient occurs when energy in 

the circuit's inductance is normally greatest or when i 

is a maximum. Phis occurs In the synchronous condenser 

when the armature and field poles are aligned, y = eint 

0, and hence, for e = o. 

's»- \ I 

tO \,4'Em_Vm) sin-at 
8:0 

FIg. 34 Phase Relationship of Condenser Line Current 
and Phase Voltage. 

The current expression may be completely solvsd for 

constants, 

sin (rit . o +7r/2) cosflt 

i = c e (Particular Integral) cos f1..t (4) 

at t = 0, 9 = 0, i. = i maximum steady-state current 

before the transient. Therefore, 

t, t 
t, t 0:1 

y, o 
xd Xd 

Hence, complete armature current equation Is 

2 - Ei'- V) et + [Particular Integral} cosflt (5) 
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Between the time that the condenser terminal voltage 

inantaneisly decreases and the time the capacitor is 

inserted the expression above completely describes the 

armature current. Upon opening of the circuit breaker 

wiuch shunts the series capacitor the differential oua- 
tion becomes: 

ralfLdi+i ridt--T':f (t)-v' (6) a j 

The auxiliary equation becomes (Lap2 + rap + i)i : O 

or A2La + Ara + 1 : O, which has the roots (7) 

X1,2tfr/4L 
'/Lac =-jW, where (B) 

O( z-r/2L and w: /1/LC - r/ 4L 
The complete current expression is 

A,t At 
i : + K2e (Particular Integral.) (9) 

2 
This circuit is oillatory ii i R,, 

LC 4L 

For the test mac11i3; 
t, 

X 
armature leakage reactance d 

377 
.1JO.. x 3.375 .000816 henry. 

ra .069 Ohms D.C. 

( The subtransient reactance is substituted for the 

armature leakage reactance because X2 is not immediately 

available. The direct-axis subtransient reactance closely 
approximates the armature leakage reactance but is slightly 
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lower than the averae leakage reactance approximated by 
il ti ti ti 

(Xq > X ) x : xd + x . ir the circuit is critically 

damped then, 1/LC r/4L , or i = , and c : 

C = 4 x .Q00816 .686 farad3, X .00391 
0o9 

fha maximum compensation to just prevent oscillation is 

X 
= .00391 x 100 .575 per cent. 

.680 

Evidently, the circuit il1 he oscillatory for all prac- 

tical amounts or c'mpensations. In the normal case L 
a 

includes possibly sorne line and transformer rectance, 

because the infinite bus condition may not be realized 

directly at the condenser bus, but at some distance between 

it and the generating plants. Also, we should not hasten 

to identify the oscillatiuns predicted here as the oscill- 

ations comnon to practically all the oscil1orarns of 

chapter V. There can be no doubt that the approximately 

4 cps oscillation in the oscil1orams was clue to hunting 

of bte machine. kirst, the osci1latirs ap, eaed whether 

or not compensation was used, if the transient shock to 

the system were severe enough. econd, bhe timo constant 

was much too large to be anthing except hunting. 

Since the condenser bus voltage did not remain constant 

in the laboratory the infinite bus must be considered at 

the sendIng-end of the transmission lino. ith this 
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assumption, 

Ziine .142 + jl.638 ohms 

Xa : .3075 ohms 

ra .069 ohms 

Lti : total circuit Inductance : (..638 + .3075) 
377 

: .00516 henries 

rt a .069 + .142 : 11 
The time required for the oscillations to decrease to 

36.8 of their Initial value is 1 2Lt/r : 2 x .00516 
.211 

= .049 seconds 3 cycles. (otioe that the major 

oscillations on any osoi11o,axu decay a negligible amount 

in this time. Thus, the major oscillations are due to 

hunting of the machine, as differentiated from the pheno- 

menon described here. Now on oscillograms 6, 7, and 8, 

which depict cases when the capacitor is inserted, a 

feeble oscillation on the condenser current wave manifests 

itself during the fIst five or so cycles after capacitor 

Insertion. This oscillation modulates the 60 cycle 

current at about 15 cpa as o posed to the 4 eps modu- 

lation Imposed by huntin of th machine. After b cycles 

the oscillation has disappeared. In oscillograrn B the 

compensation was ì&a and if wo use compensation as an 

equivalent capacitor with no transformer, then, 

.33 x .2l x 3.075 .564 Ohms 
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G i .00471 f arads 
.564 x 377 

r i Lili... - . 

- 

- 
ic 7T,JL.0 TL2 .z8J .ogix.Oo47I 4x00516z 

= 32.2 cc1e pr second. 

As will be shoNn later, this osdill&tion coup1e with 

the 60 cycle current engenders a modulation frequency 

equal to: 60 - f0 60 - 32.2 4 cps. 
2 2 

This checks very well with the observed frequency of 

variation 01' the envelope of condenser current, about 15 

eps. Note that the first several cycles give rise to 

abnormally large current, about 3/4 times tie final 

stedy-state current. 

Before completing the solution for ìe condenser 

currenb with compensttion we wish to satisfd the criticism 

that presence of the field winding and additional rotor 
circuits influence the chiracter of the oscill;tion. 
Aside from the effects upon magnitude of current the 

oscillittlon frequency, f0, andattonuation are pricticdly 

inert to field effects. Consider the circuit following in 

which the field windins are simulated by an e.uivalent 

closed sacondiry winding, which possesses mutual coupling 

with the armature circuit. 

The dirferentid equ;itions are; 

(R1sLjp+L_)1i_Li2pi2ejntv (9) 

Gp 
L12i1 - (Lp .'. R) i2 = o (io) 
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Let L1 : armature leakage reactance - line reactance 

L2 : field leakage reactance 

L12 : mutual inductance 

C__ 
y 

Fig. 36 EquIvalent Circuit For Coupled Armature and 
Field Circuit. 

The differential equations are: 

(R2 s. L1p + l/Cp)11 - L12p12 : eint - y (9) 

L12i1 - (L2p . R2)12 = O (10) 

The auxiliary equation Is, (il) 

A3(t'1L2 
2) 

2(RL R2L1) + X(R3R2+ L2/C) + R/C O 

which is a third-order differential equation having three 

roots. At least one of the roots must be real. 

L1 : Lt : L11 La : .00516 henries. 

R1 = Rt = .21]. ohms D.C. 

C : .00471 farads (83 compensation) 

R2 = D.C. resistance of field 125 rated volts 26,6 ohms 
4.7 rated amps. 

L2 R2 x (Time constant of field) R2 x : 26.6 x .046 

: 1.222 henries. 
L12 leakage reactance between field and armature circuits 
and closely approximated by : .680/377 : .0018 henries. 

r 
By substituting these constants in equation (11) successive 
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F (A) 

____ -- 

ra 

_.1' 

ri__ _ __ r 
Fig. 37 The Real Root of 

f (A) .0063 À3 - .359 - 265.62 X - 5650 

approximations provides A1 = -21.E3 as the one real root 

( see Fig. 3ï ). Division of (i - 21.6 ) into the 

cubic provides the quadratic, 

- 21.6) x (.0063À2 + .259A+ 260) 0, from which 

A3 -±jw - 20.6 ± 202, and 0: 32.2 CPS 
r1 

cps 

A comparison of results s 3hown below: 

Solution neglecting field windings: 20.5 32.2 

Solution with an equivalent field winding: 20.6 32.2 
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Al]. that the introdoction of the ieid winding contributes 

is another decaying DeC. component which actually does not 

occur, because the field rotates synchronous1 with respect 

to the armature m.m.f. A D.C. component is introduced in 

the field, however, b the sucden change of m.m.f. in the 

armature windings. Also, the D.C. component in tk.e arma- 

ture induces an A.C. volt.ge in the field winding. Yet, 

the field does not influence the frequency or attenuation 

factor for the oscillation described above. 

ince the single circuit adequately represents the 

machine, it will be utilized to obtain the comp1ee solu- 

tion for condenser current with compensation. 2his may 

be written as: 

j : K1 e + K. e 
Àt 

+ {Particular Integrai 

x sin (nt + e (12) 

if t is to be measured from the instant the capa- 

citor enters the circuit, t.. is the time between the initial 

voltge deression and the time of capacitor. ins3rtion, 

p.f. equals 3 or g0; e 
A1t 

+ K2 eZt nia ho 

expressed in sinusoidal £o. s A et sin (CAPt +1/I). 

Then, 

i A e sn (wt +) + {?articular Ïntegra1 

x con (Sit + e) (l) 
1?urther sim.,1ification results if it is assumed that the 

breaker, which shunts C, Cafl interrupt only on a current 
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zer'o or for e y or - ir. ( Assume + ir). Due to 

the fact that some arc drop appears across the breaker 

contacts before complete current interruption, this 

assumption is only approximate. With this assumption 

equation 13 becomes, (14) 

j A e sin (uit +1/!) + {Particular Integra1 sin i.t 

(BL - V,..,) sinflt 

Fig. 38 Phase Relationship of Condenser Line 
Current and Phase Voltage 

The current is a sine function only because t is now 

measured from 7772 of the applied voltage wave. Two 

conditions will permit eiraluation of the constants A and 

)ft. 

At t O, i O, and if we assume the capacitor had 

little time to charge during the arc-interruption process 

of the breaker, Q 1 i = O. Substituting (15) in (14) 

at t O, O A sin L1 O);V.. O, since A 4 0. A is not 

so easy to determine as in the simple case with only R 

and L because A can only be determined from initial 

V 
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conditions invú1vin the unlmo?n function f (t) in 

equation (6) on page 108. towever, A can be fairly 

accurately determined, if at t = o we consider the circuit 

to consist of R,L,C arid two stant sinusoidal voltages, 

and y'. Actually eint decays with time, but this Cari 

be neglected for the first instants. Evaluate the normal 

condenser current that would flow at time tg after the 

initial voltage depression. Label this Then the 

equivalent voltge behind 1eakae reactance at this 

moment is e = y' + i x and is at a maximum, since Q = O oa 

Rewrite the primary equation as, 
Ri + Lpi i i e0 - y' ( -V) sin (fLt + S) (16) 

Cp 

Ai; t 0, i = 0, 1 i 0, = Tr/2 

p 

Hence, Lapi + O + E0 - 

pi E0 - (17) 

La 

Differentiating equation (14) and substitution of (17) at 

t O hives, 
$ 

-ot -xt 
pi = V : -Ace sin ( wt) + Aw e cos (wt) 

La 
-- (E0_-) cos flt (18) 

Xa - Xc 

E0-V O+Aw+(E0-V) 
La XaX0 

(19) WLa 
Xa - Xc Xa - X0 LA) Xa 
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A is the maximum value of the oscillation, and apparently 

has a wide range of values depending upon the ratio 

x applied freguenc . In our case, SL : 6O/32.2 2 

Xa resonant frequency w 

approximately; 

: .564 Obm;3 

I 
Since E0 - Vm = 

X x C 

Xa 1.946 Ohms 
't 

, A = - 2 X x0 1d 
W 

A : - 2 x .b64 x I' -.578 I'' ,(where ij' is the 
1.946 d 

maximum value of the current wave.) 

This states that the oscillation has a maximum amplitude 

.578 times the amplitude of the normal subtransient 

current wave at this Instant. The complete current ex- 

pression after compensation is, (21) 

I -.578 I e Ç sin wt {Particular Integrali slnSlt 

(FesIstrces have been neglected in calculation of 

impedances.) 

The actual character of the current wave may not be 

recognized from the expression above, but simple trigono- 

metric relations reveaithe hidden wave shape. For the 

moment let the complex coefficients be constants A and B. 

Then, i A sin wt + B sin flt. This expression readily 

transmutes into the form, 

i : 2 k cos O {cos [(n.. w)t - ir/4 

where k : andO = tanA 

( 22) 

cos 
)I 

w)t - 

This now is 
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recognized as a modulated wave, where the higher frequency 

is an average of the applied and oscillation frequency, 

and the modulating frequency is one-half the difference 

frequency. We previously employed this relation to verify 

the observed wave shape. (See appendix for derivation.) 

In the electronics and power fields alike, spurious 

oscillations can become very troublesome and usually must 

be curbed somehow. In this case a simple resistor in 

shunt with the serles capacitor offers the best solution. 

The resistance can be shown to have little effect upon 

the frequency of' oscillation for practical resistance 

values, but commendable improvement in the rate of decay 

of the transient oscillation evolves from its use. Intro- 

duction of R2 alters the primary differential equation to, 

V 
C ra La 

Gap 

Breaker 

R2 

e mt 

Fig. 39 Equivalent Circuit Illustrating Use of 
Damping Resistor. 

(ra Lap 4. r )i : 
6int - (23) 

The auxiliary equation is, 

À2LaCR2 +À(La i CraR2) f ra R : Q (24) 

A1, A2 _ 1 + CraR2 t f (L + CraR?)2- 4LpCR2(ra4.R2) 
2LaCR2 'J 2LaCR2 
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0 1 2 3 ! 6 7 8 9 10 

Actual Ratio - RJx ¿C 
Fig. 40 Equivalent Series Impedance Forned By C and R2 

of Fig. 39 As a Function of The Ratio R1x. 

The parallel circuit of C and R2 has an equivalent 

series impedance 

Zeq : R2 (-jx) 4fR2 - jx0 . (25) 

- jXc i + (x0/R2)2 

If R2 is substituted as a ratio with re8pect to x3, the 

curve of Fig. 40 results. Above R2/x0 10, R2 has 

negligible effect upon the effective circuit impedance or 

reactance, Xeq At R2 lOx, one-tenth the line current 

flows through the resistance R. For a 30 mva condenser 
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at 13.8 kv., I 30 x 100 = 1256 amperes, and 
3 x 1.8 x lO 

125 amperes flow through R2. If x and x = 40», 

then, kì. 10.5 x .4 X 13.8e 12.7 ohms. R2 must 

dissipate 1252 x 12.7 .98.L kw. If R2 l00x, then 

Power 12.62 x 127 - 20.2 kw. ivident1y, R2 must possess 

considerole current carrying capacity even though the 

interval ol' time during which R2 is used only amounts to 

several seconds, 

Next are shown the effects of var4ng values of R2 

upon te frequenc' and attenuation ofthe transient 

oscillation for a 30 mva condenser. ssumo the following, 

40% on 30 mva base at 13,B kv. 

xc = .b 1.27 ohms 

= .00775 ohms D.C. (Values for ra and La a from 

!estinhouse book for 30 mva condenser.) 

La x2/;)77 = 1.b23/377 = .00404 henries. 

Th curves of kig. 41 on the next page were compiled by 

substitution of rehe above constants in equation (24) and 

using xq - ixc 2 to determine the aiiount of 

lt (x/R2) 
capacitance for 50% compensation. Clearly R2 affects 

ver slightly until a ratio of 1. his is, however, 

an impractical region of operation because oi th size 

resistor required. Similarly, exeriences its greatest 
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Fig. 41 Effect of R Upon Natural Frequency of Oscillation 
of Circuit hown In Fig. 39. 

change below R/x 1, but displays considerable improve- 

ment even for R/x0 : 10 At R./x0 : 10 , : 19 .75 and 

iwhen R2 Z c'o, o( .898, which means the tran8ient oscilla- 

tion has decayed in'approximately 1/20th the time required 

when R2 : 00 

As the ccnpensation of any one condenser increases 

the capacitance required diminishes, and the frequency of 

transient oscillations increases. The attenuation constant 

remains independent of compensation as long as a fixed 
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Pvrcent Corpensation For 

Fig. 42 Affect of Compensation On Natural Frequency 
of 

Oscillation of a COEnpensated Condenser; 

40%, 30 Mva, and 10. 

ratio of R2/x0 is maintained. These points are illustrated 

in Fig. 42 for a 30 mva condenser with R,/x lo. The 

graph was compiled from substitution in equation (24). 

Our investigation of the possible transient oscilla- 

tions escorting insertion of the series capacitor indi- 

cates these oscillations cannot be avoided by any 

practical supplements to basic engineering design 
of the 
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compensated condenser circuit. A shunt resistor of as 

low a resistance value permissible, considering the cost 

for resistors of high power rating, immensely decreases 

the time duration of the transient but has negligible 

effect upon the mai1tude and frequency ol' the transient 

for R >13 x. It' costs permit, the resistor could 

possibly attain a minimum value of 5x, and then would 

be limited by only the appreciable lowering of the equi-. 

valent series compensation and increase of circuit losses. 

Ernpiric.1 evidence has shown no particularly severe current 

surges from these oscillations which would greatly increase 

the hazards of such an installation, However, the one 

example showed the oscillation could have a magnitude 

of .58 times the instantaneous current just before iriser- 

tion of the capacitor. The current components are in 

phase, and the condenser current will also increase 

above what it was before compensation due to subtransient 

and transient current components caused by the lower 

circuit impedance. ifence, if the new subtransient current 

goes to twice normal then total current would be about 

2.5 times normal, and the capacitor rating and spark 

gap should be correctly coordinated accordingly. The 

particular case will declare its own requirements by 

means of the general analysis above. The aforesaid 

protection should be adequate safeguards for capacitor 
and condenser during compensation. 



Chapter IX 

Conclusions and Comparative Analysis 

Within the envelope of time from the late 1800's to 

the present day th synchronous condenser rose to a 

position of pre-eminence in its own field and only in the 

last ten years has le slide sorne of its glory to st-tic 

capacitors. Cost have been the main factor in elevating 

the relative position of static capacitors. Modern 

manufacturing processes have lowered the cost per kva for 

capacitors to about 1/2 the cost per kva for synchronous 

condensers. The net result now is that static capacitors 

are preferred whorever they can perform the saine tasks 

as the synchronous condenser. Where smooth voltage 

control is desired the condenser still exercises a 

measure of superiority. However, its prestige is waning 

even here, because in large power aystemns fairly large 

blocks of reactive are required to produce any noticeable 

effect upon voltages. Switched static capacitors would 

probably suffice if adeguate switching facilities were 

installed. The switch gear tends to flatten the nargin 

in initial cost between statics and condenser somewhat, 

but static capacitors still evince smaller operating 

expanses and lower losses. Included in Figs. 43 and 44 
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are several cost curves for reference. They were prepared 

and loaned by courtesy of the System Engineering Staff, 

Bonneville Power Administration. 

As a synchronizing force at major points of inter- 

tie the condenser does occupy a unique position which 

capacitors cannot achieve. Earlier we concluded that 

condensers in the load areas during fault were detrimental 

to stability and that almost any support to voltages 

during the fault was injurious, no matter the location. 

However, with rapid clearing times normal condensers at 

points of inter-ties are of little consequence to stability. 

Immediately following the fault additional support to 

voltages at points of Inter-tie prove beneficial to sta- 

bility. Studies have confirmed this point, but also have 

shown that fast clearing times or reactor bus schemes 

at the major generating plants exert more influence on 

transient stability of the system than the increased 

support to voltages afforded by the injection of excess 

kvar into the system at one substation immediately after 

the fault. ;thether a compensated condenser adequately 

increases the system transient stability limit or whether 

its support to voltages only lowers the maximum angular 

separation between machine groups is yet a point of 

contention for further A.C. Board studies to clarify. 

Of course, the reduction of maximum angular separation 
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improves system stability, but this could be accomplished 

by switching capacitors from Y ton. Furthoinore, any 

other plan which improves system stability deserves care- 

f ul consideration before walking blindly into the invest- 

ment for a compensated condenser. To compare the respec- 

tive financial obligations involved entails many additional 

aspects. Characteristics of the capacitor and condenser 

plans are: 

Compensated Condenser 

1. The condenser provides synchronizing torque and 

smooth voltage control. 

2. The synchronous condenser provides lagging kvar. 

3. Undoubtedly several machines at major substations 

would require compensation to materially improve 

stability. 

4. Synchronous condensers contribute fault current. 

5. Compensation imposes considerable strain on the 

synchronous machine. 

6. Additional relaying is required to prevent compen- 

sation during abnormally low voltages or when the 

condenser provides lagging current. 

Switched Static Capacitors 

1. Good voltage control can be attained on largo 

systems, as long as lagging kvar are not required. 

2. Voltages will sag during the fault as desired, but 



switching from Y to L after the fault immediately 

boosts voltages. 

3. Capacitors provide no synchronizing torque nor 

lagging kvar. 

In view of these facts we are not surprised t1.t 

modern practise advocates combined utilization of capaci- 

tors and synchronous condensers. At a particular bus 

where profuse kvar are necessary for power-factor correc- 

tion on transmission linos, statics can be applied more 

economically to provide the basic requirements, while 

synchronous capacity would be desirable for voltage 

control. Size of the system determines in large measure 

the ratio of static and synchronous capacity to use or 

whether switched statics would suffice as mentioned 

previously. Under the arrangement of combined statics 

and synchronous either the synchronous or statics or both 

could be equipped to supply excess kvar imiediately follow- 

ing the clearing of a fault. The calculations of chapter 

V demonstrate that either statics or synchronous condenser 

could deliver large amounts of kvar. Final judgement as 

to which method to adopt in a particular case would 

probably involve an economic study. The estimated costs 

of compensating a condenser and providing switching for 

capacitors appear on the next page: 
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Table 5 

Initial Cost of a Compensated Condenser 
I 

(30 £va, Xd 40,o) 

Installed Cost 

Lva Condenser: 30,000 x ¶ l7.5O...........525,000 

Series Capacitor for 50 ' Compensation or_4: 

inmum voltage as determined by stability 
curve, Fig. 18, of condenser would be E : .75 p.u. 
i(max.) : E4. - .75 1.4 - .75 : 3.25 p.u. 

XdX0 .4- .'. 
Capacitor Ratinìg 3.252x .2/4 = .528 p.u. s 15,81 ¡viva 

. t: rl ir, fZ 

.L..) OLL) X .i i .0 . . . . .. . . . . . . . . . . . . . . . . . . . .. . . . iu, 

13.8 Oil Uircuit ______ 
Total...... .814,675 

(Othor installation item costs, such as rod-gaps, 

resistors, relaying, etc., aro assumed small or balanced 

by similar apparatus in the capacitor case.) 

Initial Cost of Static Capacitors For Y to L Operation 

Instal1tEd Cost 

For i= 3.25 on Eb .75 p.u. voltage requires 
3.25 X .'75 : 2.44 Ç.U.0f capacitors. 

2.44 X 30,000 : 73,125 mva; 73,125 x 7.7O...$563,O63 

6 - 13.8 Kv O.C.B.; 6 x ________ 

Total. . . . . . s $641,063 



The switching presents a technical problem which probably 

could be solved best by some sort of double-throw O.C.B. 

Otherwise, six breakers will be required, three to open 

the wyo and three to close the delta. The relaying will 

be elaborate here, but it is off-set by the additional 

relaying required to prevent instability in the case of 

the condenser. 

The calculations show that the static capacitors 

are less expensive in initial investment; their operating 

costs are also lower than for the snchronous condenser. 

Thus, the compensated condenser may occupj an unattractive 

position economically. In a particular case other con- 

ditions and considerations may improve the picture and 

demonstrate sufficient benefit to nullify the small 

economic disadvantage of the condenser, as illustrated 

above. 

As intimated earlier in the thesis, the compensated 

synchronous condenser possesses a certain allure because 

of its novelty and the paradoxical idea of compensating a 

device with leading power factor with a capacitor. It 

has at least two major applications, one of which is to 

improve system stability' and the other is to reduce 

flicker voltages. Successful application Can be realized 

in both cases but apparently at an economic disadvantage. 

In the former case siitching of capacitors offers more 
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economic satisfaction and in the latter case a line series 

capacitor should be carefully investigated with the 

compensated condenser. The conclusions are not all 

negativo but, rather, are all positive in the sense, 

that we hope they contribute a little more knowledge 

and understanding to the engineers endless quest 

for truth, fact, and at times, for just ari answer. 
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Appendix 

Part I. odified Evans and Sels Transmiasion Line Charts 

(Determined troni the caloulated A, B, C, 1) oonstants of the 

transmission line of ohapter II.) 

42 

-1 

I-I 

3 

Fig. 45 Generatord.End Modified Evans and Sels 
Pransmission Line Chart; Per Unit quantities. 
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part II. Determination of Synchronous Machine Constants. 

4G 

3G 

2C 

s 

4 

3 

2 

General Electric A.C. Generator 
Type ATI 3 Phase 60 Cycle 
18.75 JCva .8 P.F. 1200 RPM 
Exc. 4.7 Amps. 125 Volts 

t 
L_4.,. _ , Xd : 137 x .3255 : .092 p.u. 

\ d dso 
(43 x 56.8 - 488 Amps.) \ - 

\ .368x269.b7Ainps. ' 

\ \ TA' : 8 X 2O/.069 - .0108 Seos. 

\t \ x : 137 X .3255/204.2 : .218 p.u. 
id\_iso \ ( 18 x 56.8/5 : 204.2 Amps.) 

.368x13:4.78Amps. 

'4 Td 336 X .0269/20 - .045 p.u. 

I 

681d 

- -.0269 

_ Secs. 
, 

I __ _ ___ 
1 2 

17 Typical Calculations From The Following Three Oscillograms For Determination of x', x, T T. Run #1 - Phase B. 
Koc : 137 Volts/Phase I 56.8 Ampares se 



Run frl 

3 Phase Short-Circuit 

General Electric A.C. Generator 
Type ATI 3 Phase 60 Cycle 

18.75 Kva .8 P.F. 1200 RPM 
Ecc. I.7 Mips. 125 Volts 
Ser. No. 566367 

E 
open circuit 

I 

short circuit 

: 137 Volts/Phase 

56.8 Amps 

C 



Run #2 

3 Phase Short-Circuit 

: 136 Volts/Phase 
open circuit 

Anperes 
short circuit 

H 
'J) 



Run #3 

3 Phase Short-Circuit 

136 Volts/Phase 
open circuit 

: S6. Anìperes 

short circuit 

I-j 
'Ji 

'o 



Tabulation of Results, Per Unit 

18.75 Kva Base 

Case Xd 
I, 

Xd 
I 

Td 
It 

Td 

1 (A) .225 .102 .042 .011 

i (B) .218 .092 .045 .011 

2 (B) .224 .101 .048 .012 

3 (B) .220 .099 .047 .012 

Average .221 .094 .046 .011 

(Case refers to run and phase.) 

Part III; Proof that A ein wt + B sib .fl t is an 

amplitude modulated wave. 

sin wt B sin 

Let 0 be an arbitrary angle, and 

A:ksine B:keosø k: J+J3' 

(a) 

140 

Substituting in (a), 

i. : i [sine sinwt + oos e sinwt] 

i s k [sin (fLtpe) .. oos ( wt-0) sin (ILt-0) 4' COs (wt-.0) 

Since oos°( sin (900_OC), 

i m k [sin (12t+$) + ein (ir -wt-e) + sin (At-e) + 
. 

sin (-ii - wt+8)] 
-r 

i : [2sln ç.at+e+ 7T/2-wt0) z cos jfì.t 7rJ2,.wt_ej 

2 2 
+ 2ein (.at-o+1r/2-wt.,e) x cos (At-e- lr/2twt-0)J 

2 2 



14]. 

j. : k [sin lflt-wt+ -rf/2 (.O.t+wt- 1172) 

-t'- Sifl Ç..ts..Wt4. TT/ Cos (12t+wt-2- uJ2J] 
2 

Regrouping, 

j. = k sin (fl.t-t+7TJ2) [cos (12t+wts24)-7rJ2) 

-f-008 (J1,t+wt_1TJ2_z) . 

2 

i : k sin (t-wt+ 1r/4) 
{ 

cos I (flt+wt+2- T(/2 
2 4 

-fltf.wt-2..1r/2) cos i (itt+wt4.2tj)-lr/2 

4 

i. 2k 008 {SIn jt-wt+/2) 008 
2 

but, sin kJlt.wt i. ir ) = cos (i2twt 71) 
2 T 

i 2k cos fcos (J2t+t - ii) . cos (C1t-wt - 
2 ¿ 4 

Phis is the equ.tion far modulated wave displaced 

from the tjrio origin bi,' n Anßle of 4b decrees. 


