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INTRODUGTION

Static capacitors as un elezent of transmission and
distribution cireults first appeared in the form of shunt
capacitors. These shunt capacitors were primerily used in
powsr factor correction., They ocan be regarded as & load in
the circult which drawes & leading current. This leading
current flowinz through the reactive line produces a voltage
rise, thus roducing the voltage drop betwesen gending and ree-
celving endas. This phenouonon nelps the wvoltage control of
the feader as woll as power factor correction, The die-
advantage of the shunt capasclitor 1s its inflexibility. The
ghunt capacitor is connacted across tite linej hence the volte
age across its terminals is constant. The idea of connect-
Aing the capacitor in series with the line rather than paralle
ol, thus making the eapacitor an slexent of the lins, opened
a new fisld in trans=zission and distribution ensineering.
The volisge across the terminals of the serles capacliior 1s
not constant but 1is directly proportional to the line cure
rent. This characteriastic of the seriss cepacitor zakes it
aextresely valuable in some applicatlonsj; however, it is the
sang characteristic which in some cagses nakes its appllica-
tion Aifficuit. The series capaclitor as a voltage regulator
in distribution systeus (1), (22, (3), (&), proved vary use-

(1) Armold, E. P. Series capacitor proves economical.
Bleotrical Yest. pp. 48«50 (December, 1336)

(2) Dudley, ¢. L.y and Snyder, E. H. ¥Why not series sape
acitors for distribution systems. Tleotrical VWorld,
e 942-945 (June 30, 1934)

(3) Jobn, J. L. Series capacitor wipes out fecder flicker.
Electrical VYorld. pp. 3688-3690 (Hovember 7, 1936)

(4) Swmith, C. H. Series capscitor smocthes Jagzed woltages
on long feeder. Hlectrical World., Vol. 114, pp 32«33
(December 28, 1540) '
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ful and economisal, It found a large arpliczation field
agsoclated with electric arec furnaces (5, (6) and electriec

(5) Blaeck, r. M., and lischer, L. ¥, The application of a
geries capacitor to & synchronous condenssr for raeduelng
voltage flicker. A.I.E.E. Technieal paper. (51-20)(De-
cember, 1550)

{€) Witzke, R. L., and Michelson, E, L. Technical prob-
lems assoclated with the application of a capacitor In serles
with a synchronous condenser. A.I.EZ.Z. Technical paper.
{51<88 )(Dscexrber, 1950)

wolders. (7) The first difficulty in the applicaticn of

(7) Jdanes, ¥. D. The application of serics capa:lters to
flagh welders. A.I.E.E, Trans., Vol., €5, pp. 686-689{1946)

sorlos capacitor showsd ltself in its protecticn. An aly
gap, which flashes over at a certaln voltage above ths rated
voltace of the capaclitor, and ahort gircults the capacitor
unit uveder abnormal conditions, constitutes the basic prin-

eiple 2f the protection device of the serles capacitor. (81,
(94 (10)
(8) Rloomquist, ¥W. C., and Schroeder, T. W. Selection and

application of autematic control for sapacitors. General
Electric Review. Vol. 48, pp. 57=40 (1946)

() Johnson, A. A., Marbury, R. E., and Arthur J. ¥. De~
sign and protection of 10,000 kva series capacitor for 66 kv
transmission line. AJl.E.E. Trans., Vol. €7, ppe 5€3-367
(1948)

(19) ¥arbury, R. €., and Owens, J. B, New series capacitor
protective device. A.I.E.%. Trans. Vel. €5, pp. 142-146
(1946 ) '
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Series capacitors should also be protected against dielectric
failure and continuous operation under over-load conditions.
Furthermore from the standpolnt of transient stabllity of
pover systeoms, serles capacitors should be reinserted in the
clrcuit as scon as the fault is cleared. These operations
are provided by fast acting relays.

During recent years, the necessity of transmitting large
blocks of power over long distances and the comparatively
high costs, losses and difficulties assoclated with the con-
struction of large synchronous condensers, opened an appli-
cation fleld for series capacitors in transmission lines.

The series capaclitor proved 1tself to be very useful and
economical in this field. Howsver new problems associated
with the verious aprplication of series capacitors arose. (11)

(11) Butler, J. W., and Concordia, C. Analysis of series
capaclitor application problems. A.I.E.E. Trans. Vol. 56,
Pr. 975-988 (1937)

Self-excitation of synchronous machines, self-excitation of
induction motors, hunting of synchronous machines, and ferro=-
resonance in transformers are some of the important problems
which are discussed in the body of the thesis. A solution
for and methods of correcting the difficulty are established.

In this theslis the author has made an atlempt to cover
as many problems assocliated wlith the use of series capacitors
as possible emphaslizing some important points, and briefly
explaining others. One other thing which interested the
author in this subject is that in his country, Turkey, natur-
al resourcee avallable for obtaining electric energy are
located long distances from load centers thus making the
transnission of large amounts of power over long distances
necessary. Furthersore, in Turkey large industrial and
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residential lighting loads are both concentrated in big cities
raising the problem of voltage regulation, Since series cap=
acitors prove useful and economical boeth in voltage regul-
ation and in transmission of large blocks of power over long
distances, the author found this subject worthy of serlous
studyes In this survey type of thesis the author tried to
present some of the lmportant principles explalined in differs
ent articles with some minoy contributions of his owne
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HETHODS OF LINE RTACTANCE COMFENSATION

Good voltage regulation and lower transmission cost are
the most important basic faotors in transsission and dlstri-
bution engineering. The regulation which exists hetweon the
genorating station bus and the user’s premises depends upon
the circult laspredance the mdjor portion of this impedance,
being the reactance. Many devices have been produgced to com=
pensate the voltage drop due to the line reactance, but une
fortunately a device which can neutralize the wvoltage drop
due to the line resistance has not yet been found.

Sometimes due to the natural resources largescale hydro-
electric developments are located in relatively remcte dise
triets and have ralsed the gquestion of delivering power of
the order of 300,000=-400,000 kv over a distance more than
250 miles.

A large value of power developred and a long distance
it is transmitted result in the increase of line drop and in
dissipated energy in the line. As it 1s stated above, there
are several devices produced to secure economical transmis-
sion of power. A recent development achlieved in this fleld
is related to the series capacitor. However in order to
understand the factor of series capacitor in transaission
lines it is advisable to obtalin a bird’s eye view of other
devices.

If overhead line construction 1s to be conslidered, four
different alternatives are avallable for reducing the react-
ance of the line to a desired valuos

l.- lLine impedance conversion

2.~ Maultiple ciroult operation

3.~ Reduction of systea frequency

4.~ Line reactance compensation.



1.~ Line lavedancge gonveraiont

In thls case the reduction of the equivalent series imp-
edance 1s accomplished Ly transformation to high voltages.
Now, the equivalent impedance of the high tension side re-
ferred to the low tension side is squal to the actual lmped-
ance of the high tension side divided by the transformer turn
ratio squared, Thus the equivalent lupedance between the
low voltage busees 1s lower. On the other hand when volte
ages are increased, Lransmission structures becoune larger,
goparations and olearances becoms necessarily greater, line
insulation, transformers and high wvoltage subatation equipe
pent become more costly.

o= Multiple clroult overationt

If two or sore transmlssion circulits are cperated in
parallel the impedance of the system is decreased. Further-
more if such multiple circulis are sectlonalized at certaln
points remarkable improvezent in operating characteristics
and transient stability linits can be obtalned. Moreover,
with multiple circuits a flexibility of operation is obtalne
ed. However, the excessive cost of multiple clircults with
sectionalizing facllitlies compared with the little gain in
reduction of the impedance suggests the vossibility of other
means of providing economic loading status of lons high volt-
age circuits,

Since reactance is directly proportional to the freguency
(X1, = 2nfL) a reduction in the system frequency will result

in a corresponding reduction in the line reactance. Again

the necessity of numercus frequency changars, lincreased size
and cost of induction equipment and incandescent lamp flicker
at low frequencies constitute soze very undesiravle disadvante

aron.
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The eo tion of line reactance is accomplished by
induectance regulators, synchronous condensers, shunt cap-
acitors and series capacltorse The comparlson between the
series capacitors and sny of the obther tyres will be nade
as the outstanding features of series capaclitor are made
clear. From the standpoint of maintenance, the atatic cap=
acitor 1is sturdy and has few moving parts. 7The internal
losses of the capacitor are much less than those of the rege-
ulator. The synchronous condenser with control equlpaent 1is
more complicated than the static capacitor. The averaze losse
‘@8 of a static caracitor dre about 0.25% of its rating where
the losses of a synchronous condenser is sometimes from 5% to
8% of its rating. The shunt capacitor is similar in operation
to a synchronous condenser, nanely both improve voltage rege
ulation by improving power factor. However chunt capacitors
are inflexible; Af they are left on light loads they cause a
voltaege rise at distriovution points drawing leading current.
Serdes capacitors, unlike shunt capacitors, condust full line
current and hence the veltage drop across a series zapacltor
is instantaneous and completely dependent of load conditions.
This characteristic of series capacitor mskes it very uaeful
in the compensation of line rsactances

63

It 18 known that capacitances in alternating current
eircults draw leading currentss In the same way a series
caracitor connected in sories with a transmission line draws
a leading current thereby introducing & negative or leading
reactance. If the proper capacity of the serles capaclitor
ie chosen, the leading reacstance introduced by it coxpletely
eliminates the effect of the lagging reactance of the trans-
miss=ion line itself. This is illustrated in Fig.l.
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Fig.1. Adistribution %
line and its vecter diagfam

Sometimes when the fesder resistance is relatively high
sveranmpensation is enployed. On the other hand Aif overcoms
pensation 1s euaployed, a lagginz current due to the atsrting
of & large moter may cause an oxcessive voltage rise which is
hayaful to lizhting eculpments Murthernore when the load
powey faotor is leading it 1s obvious that for this condition
series capacitor reduces the receiving end voltaca, hence 1t
is undesirable under such clircunsteancos,

It can be sasily observed from Flg. 1 that the overall
impedance of the line or,; in other words, the effective
length of the lire ig greatly reduced. This phenomenon
makes possible the transmission of more power over a come
pensated iransmission line than over an unconpensated lines
However, ur to now, the use of series capacitors has been
confined moetly to distribution systems. The function of
gories capaclitor in distribution systens consists of overe
coming the bad voltage fluctuations caused by starting of
motors, variation of motor loads, electric waolders and fule
naces.’ Thés is accomplished by the outatanding charactere

\
Y
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istie featurs of series capacitors namely, their instantane-
ous response to changes in load. As was pointed out before

- series capacitor conducts the full line current. Hence the

leadling voltage drop acroess its terminals depends upon the
load condltiona. An instantanecus change in load current
will result in an instantaneous change in the voltage drep
along the line and an inastantaneous change in tho voltage
across the seriss capacitor. Whence the change in the lage
ging voltage drop along the line will at once be compen-
sated by the leading vollage drop across the terminals of th‘
series capacitor. Thus not only the gradusl voltage drop
dus to slowly increasing load but also the transient voltage
drop due to motor starting, electric welders etc. will be
almost lnstantaneously reduced.

-I
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Figes 28 indicuates & circuit having o recistance R and a re-
actance Xy« [y and K, refors to sending end Woltage and
receiving end voltage respectively. The current flowing in
the clrsult ia designated as I. The power fuctor of load
is indieated by cosds The corresponding vector diagram of
this edircuit iz shown in Flg. 2bs In order to compensate
the reactance drop IXy a serlies capacliitor 1s ineserted in the
elreuits The value of the capacitive reactance of the series
gapacitor may be less than, oqual to, or gresater than the ine
duetive reactance of the civoult in ohms.

The eguation of the line represente’ by the reactive
drop IX in Pig. 2b A48 found easily to bel
IR
.é.-. cl'nG[I— Ef‘—a’—s—s] (1)
Then XEg, which is the distance botween origin and any

point on the line is given by the followlng formulat
%3
Es={ »*+ Lctnolx- E-— JRj]

L O
Cose

(2)
Taking the square of both sides and erranging the terms?

PA

Esz Ty [x ~ €056 (Er + ’—"‘Closka)] 3)
2 b
(E.- o _E_&_) (s;n’o_ Cos"e) (EH IR (S,n‘e-(os"e)
Cos B Cos © /

The egquations of the asymptotes are as given by the % signl

E; = % ['x- (.S‘D(Er+ c—f;%)] (“)

The plot of the ocurve given by Eqe 3 is shown in Figs Je
Any velue of the reactive drop as given by IX is?

IR
Cos ©
o IR [an ©
X =y -+ an (5)

—




TR epE Ty Wy Oy

21
This may be sinplified tol
) O R S (Er+ I‘R) + IRkan® (6)
Sin® Sin@ Cos @

. The 1line given by Tq.(6)ls shown in Fig. 4 The ainus values
of IX indicate that the lapedance sf the transmission line is
capacitive, and plus values of IX indicate that it 18 induce

tive although it nay be compensated.
p—(‘gf‘%)i- IR‘“E‘—';% 4/

x

JX

Q
—)

-;!;,'O(EAJ--(L"%)-}IRtanG
3

Fig.3 Plot of E¢ against x Fi% 4 Plot of IX agamst x

The amount of compensation needed for a certain value
of BEg can be found in the following manner:?:
The value of x is found from Flge. 3 for a given value of Egj
then the value of IX drop corresponding to this x is found
from Fig. 4. The amount of compensation nseded is the differ-
ence between the actual IX; drop of lLhe transmission line
and the IX!drop found as exrlained above.

f#hen the volue of X, is smaller than the value of X; the
gircuit 18 sald to be wder-compensatod, wWhen the value »f
Xe 18 larger than the value of X3 the cireult is sald to be
over-gompensated. From the above dlscussions it is clear
that in over-compensating the circult the value of the sende
ing end voltage is reduced more than in the under-cosmpensated
case, Over-compensation is used sometimes when the fsedex
resistance ls large. On the otheor hand there are two main
disadvantages of over-compensationsd



13
le=When sn induction motor is started at the recelvin

end of the line the motor will draw & legging current. If
the sending end voltage is kept constant this lagging cure
rent will result in a wvoltege rise at the receliving enmds
If the motor starts frequently as is t e case in rock erushe
ers, saw milla eto. obviocously a flicker in the lights will
ocours MNaturally this 1s undesirable. Hence to exploy
overcompensation should »e strictly avolded under such cire
cunatances,

2+~The angle between the sending ond and receiving end
voltages (@) is greater wuen the circult is over-vompensated
than that wvhen the circult is under-compensated. This polint
is laportant fron the standpoint of stablility. This point
will be discussed in the discusslon of serlies cavaclitors in
trensmission lines.

From the avove discussion 1t 1s seen that the change
in the receiving and wvoltare due to a certaln change in the
load is very much less 1f there 1s a series capacitor in the
eircuit than the change in the recelving end voltaze due to
the same change in the load if there is no series capacitor
in the circult. By a proper selection of the maghitudo of
the series capacitor thls wvoltage change can further be re-
duced., Hence seories capacitor plays a very important role
in voltare raegulations If the chanse of wltage in the re-
gelving ond occurs freaquently due to frequent motor staris
a 80 called voltage flicker takes place. Series capaclitor
by iaproving the voltage rogulation keers this undesirable
voltace flicker within allowable limits,

The cholce of the zerioe capacitor for a cortain ciroult
requires a caraful study of several fastors. The principal
considerations involvad in gselscting and applying a aseries
gapaclitor to a dAlastridution system can be gtated as followss

1.~The wvoltage rise caussd by seories sapacitor ls nate
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urally proportional to the ohmic velue of the capacitor 3;2'
the current through the capacitor. To reduce danage to lamps
of customers on the load side of the serles capacltor, this
voltage must not be allowed to rise beyond 4 or 5 percent
above normel with maxiyum losd current.: Also to avoid un=
desirable overvoliage flicker due to motor starting currents
the 1imit for this wvoltage rise should be 2 or 3 percent
above normal for the maxinum starting curront which can be.
expectod due to the motors on the feeder.

2 e=ifter the deteruination of the ohmic wvalue of the
capacitor the location of the capacitor must be specified,
lost of the distribution circults have loads dlstributed
along the lines Hence the location of the capacitor should
be such that the over-voltage to the customer recelving the
maxizum overveliage is equal to the under-voltage to the cuse
tomor recelving the maxisuan under-yoltage under the condition
of maximum current, and furthersore these values of the
maxisun oVer-voltage and maximum under-voltage should not
o beyond the limlt stated in the dlscussion of the Tirst
eonsideration. The Lest location of the capacitor is usually
determined by cut and try method, taking local factors, such
as load distribution, accessibility, etec., into account.

In general, where the distribution circults have distributed
loads the best Jocation is abosut one-third of the elesctrical
distance (impedance) fron the source of supply. To reduce
flicker further, sometines more than one serlies capaclior may
be used.

J+=The next consideration is the establishment of the
thermal capaclty of the series capacitor which is to be
used. To do this a 24-hour current chart or several current
charte should be obtained. The capacltor has some shorte
tine over-load capacitys It is customary, however, to pro=
vide continuous current carrying capacity eaqual to the max-
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dmun demand indicated on the current chart. This practice
also leaves an open door for load growths. On the sther hand
to provide too much thermal capacity ie uneconomical since
the kva rating of capacitor for a certaln nuaber of ohms is
directly proportional to the square of the r.u.s value of the
ourrents In the protection of series capacltors the gap=
setting as explained later ies a lindting factor.

4 .,~The final oconsideration is the protective equipments
This will be discussed later in detall, The main part of
the protecstive aquirment is a gap which is across the tere
minils of the series capaclitor. Now assume that the current
rating and gap-getting of the series capaclitor ias established.
A check should be made to insure that a starting current of
a motor or a muwiden fluctuation in load current will not de
able to uparkeover the gape. This point is important from
the standpoint of the objective of the series capacitor.
This objective 1s to reduce fluctuations in voltage due to
these flucstuations in load currents In order to provide this
it is custonmary to follow the rule given bLelow. The voltage
across the capracitor unit with maxium normal load plus the
starting current of the largest motor on the eircult flowing
through 1%, should be made -less than twlce normal rating ef
the sapacitor, if the oapacitor iz placed directly in the
line and should be made less than 145 times normal if a transe
former combination is used.

After all these factors are sonsidered carefully, as a
dast etep, the magnitude and the dwration of the maxisua
short=airoulit ocurrent possible at the capacitor losation
should be checked to see whether the transforaer and gap oan
garry this maxizum short cirecuit current untll the faull 1is
gleared out.

As for the eonnbotzon of the series capacltors, the
following points should be considered. It ie known that the
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relation of ocapacitive reactance, Xy, to capacitance C is
gliven by the following formulas

|
G T (7)

. It 18 evident from the above formila that the smaller the

chmiec valus of capacitor required, the largsr and hence the
more expensive the installation becomes. TMurthermore vwhere
ghort lines of low inductive reactance are under consider-
ation the compensating effect of ssries capacitor is less
pronocunced., However, if it 1s desired to use a series cap~
acitor on such a line, an addition of an lnductive reactor
to the circuit will increase the inductive reactance of line
making necessary the use of a capacitor of larger capacitive
reactance and hence smaller capacitance, thereby reducling
the installation cost.

If large current carrying capacity is required, it =may

be necessary to colinectothe vnitédnin series-parallel,: Howe
ever, thies condition 1s not usually necessary in distribution
circults. From a practical standpoint it is preferable to use
standard voltage units for seriee capacitor sprlications,
For example, units of 5 or 10 kva capacity rated at 230, 460
or 575 volte connected in series, parallel or series-parallel
previde such a wide range of ohmiec values and current ratings
that it should rarely be necessary to use speclal ratings.

Ir the manufacture of power capacitors, the tolerance
in miarofarads 1s allowed in the positive directions: For
example, a 10 kva, 460-volt capaclior ig 125 mierofarads
with 2 manufacturing tolerance of plus 15%. But in series
capacitores one is interested in the most probable ohmic value.
The probable maximum variation is given plus or minus some
certein percentage of the chmic values of the capacitor.

The following exaaple illustrates thne above consider-
ations as appllied in a especific casey



Assume that & 2000 volt feedor serves a uniformly M:-*
tributed load of 100 kva at 0,866 power factor. At the end
of the feeder there is a concentrated load of 50 kva at 0.8
power factor. The starting kva of the motor at the end of
the feeder ig 52 kva at 0.5 power factor. This motor starts
. frequently and causes voltage fluctuations which annoys very
much the lighting custorers. A maximum 3% change in voltage
is allowed., In order to remedy the situation the best thing
to do is to install series capacitors. To ralee the feeder
voltage or to increase the size of the coprer conductors
will cost more ond will result in less impiovement in voltage
regulation than that expscted from the installation of series
caraclitor, Veltage regulators are not so fast in operation
&s series capacitors. Hence, the installation of a series
gcapacltor 1s the bast alternative,.

To determine the size and the location of the serlies
capacitor, firet the percentage voltaze drop due to the motor
start 1is determined:

0/o Drop = kvo.xL(Rc:ss-z- Xsinb) (2)
10 &V

wheres
kva = three phase starting kva = S52kva
L = length of line in miles = 5 nmiles
R = resistance of the line in ohms per mile = 1l.2
X = reactance of the line in ohms per mile = 0.8
Cose=power factor of the motor during its start = 0.5
kv = line voltage in kv = 2kv.
Substituting the numerical values in above equation gives:

°/0 Drop - 32 x5 (1-2xo0. 5‘1+ 0.8%0.866)
10x 2
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ARl f%ﬂ;“) An uncompensated feeder ; (b) voltage drop in | e
perceal plotted ogainst distance;(c) effect of
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The feeder and thls voltage drop is shown in Fig. 5a
and Fig. 5b respectively. GSince it is desired to have a
maxisus voltage change in percent which does not exceed 3
percent two series capacltors must be used. If two series
capacitors are used the line will be divided into five parts
a8 shown in Fig.5¢. The voltage change in percent oscourr=
ing at the extremities of each part should not exceed 5
percent. In other words the voltage rise to customers b
and 4, and the voltege dips o custoners a, ¢, and @ should
be egqual to each other and all of them should be equal to
or less than 3 percent.

The loecation of the capacitors sust be 80 chosen that
the above requirements are fulrfilled. It is determined graphe
ieally froam "ig.5. rFlg. 5¢ shows the location of the capac~
itors. First unit is installed at a place which is one mile
from the sending end, and the other uniti is installed two
miles away from the first unit towards the end of the line.
The red 1ine in Fig. S5c showe the variation of the persent
volt change with the sories capacitor units in opoeration
when the motor at the end of the line starts. irom iig. 5e
it 18 geen thail none of the cust2mers has a voltage variation
due to the =ntor start, pgreater than j percent.

In order to detoraine the sizs of the unit, {firet 1t 1s
observed that the voltage difference bdetween customars & and
b is € porcont. lenee the cap2citor itesel! must have an
ohmie value such that S5¢ kva, which Lo the atarting kva of
the moteor at 0.5 power factor, produces a voltage rise of
6 poergcent. The oumic value of the capacitors 1e»

S S °/o voltsx kv'
kva x Sin & : ‘9)

1ox6x2"
92 x 0.866

= 3 ohms each per phase

'
W )
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 In ordar ts dsternine the mmjers rating of the capacitors 4
twenty-four-hour current charts should be obtained at the lo- ‘
eation of the capacitors. Yormally, these values would estab-

1ish the ampere rating of the capacitors. In this case, how=

ever, a rather high motor starting current is superiuposed

ont these normal currents. The maxinun line surrent, there-

fore, mey be considered to be the normal peak whon the motor

is not raning, plus the starting current of the motore From

the twinty-Tour-hour current charts the peck valus of current
obtained includes also the rumning current of the motor. In

this case maxinunr valuve of line current can be found by eub-

traeting the running current of the wmotor frow the normal

peak value of current and adding the starting current of the

motor to this value. Naturally the running and starting

gwrrants and thelr respecilive power factors can readlily be

determined from the characteristics of the motor.

GCap-sotiing for short circuits is determined in the
following manners:

The gapy usually is set to spark-over at approxiaately
twice the continuous current rating of the capacltor. About
50 £ mevgin is allowed bLetwesn the peak qurrents which are
discussed above and spark-over currente, Faturally the kva
ratings found in this way do not necessarlily be ecusl to the
kva ratings of the standard units. Hence the standard unit
which has a kva rating which 18 very close to the calculated
kva reting 18 chosen. Usually with soxe certaln combinations
of the standard unite such as, series, parallel or series-
parallel, it is rossible to obtain & wide rance of ohmic
values and current ratings,
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SELFEXCITATION OF INDUCTION MOTORS
' WITH
SERIES CAPACITORS

“hen an induction motor is started turough & line hav-
. dng & series caracitor the motor may self excite and become
& gonerator of low frequencies. The capacitive reactance
of the series capecitor in conjJunction with the inductive
rosctance of the wotopr may have & resonant fraquency which
is Jlower than that of the power supply. Under some certain
conditions as for exausple when the induction motor is start-
ad a transient ocurrent having lower frequency components
than normal current exiasts, This is true for every clroult
sontaining resistanzse, inductance, and capacitance, For
instance, consider the eir2ult delow. Vhen a suiden change
ogeurs in the circult & transient current exists.

g "‘i“’j. |
:T:C

[ Eﬂs'"\lﬂt,

F-g.é An ord;nor\l a-c circuil conlnim'na R, LC

Surpose that at ¢+ =~ O an alternating voltage
48 applied to the circult. The dAlflerential cguation for
this case As given helows

Emsinwt = 4R -c-_é_fl'dt-l- L.g-:.- ‘lﬂ)

Taking the laplace of both sides and sasumine serc imitial
conditions sivest

D EmMW . R kb Gy sl . m;
s* w' Cs el
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(s*+) (st 4 n.s+..::)
The roote of the denominataor ares
3,. = J.w

Sa =_j'w

kS
G504 = — R, -\/ JR2 MU
% 2% N LY e

R b
R
1€ )%t

then

sein s~ 5 -

Héenoae the systen function of ths <irocuit iasl
1

(s-jw)(s-rj'w)(s«r_;;___..j‘} __5{.) 5"‘25,:‘1.“/(_'{"—:‘:) (13)

.
LC

it can be notieed that &, is conjugate of s, and ss 19
gonjusate of 84 Therefore 1t can be prediocted that & tran-
sient currant wiich consistis of two conponentis, one oCOMPON=
ent havins a fPoqueney egqual to that of the source and the
sther one having a damping factor of . & and a frequency
of “:’z e 7»}‘1_ exists. This frequancy, for certaln values of the
Ry L and C, may e lower ithuar that of the source. I & neg-
ative yesistance equal to the reslastance of the ciroult is
addéed o the circult Lthe currents of the natural freguendy
flows continiously. It can be seen from the above aguations
Af R ie zero, then, time ¢onstant of the circult bocomes
Anfinite or in other words daaping factor becoans ZOYO.
Furthermore the irequenecy of the second component of the
transient current for R-o0 becones slaply - it is well
known that this frequercy is the natural rrequency of the
eircult.

B " 8 Lol
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The same thing can happen in an induction motor which
18 supplied through a line containing series canacitor.
Under these conditions the induction motor becomes an in-
duction generator of low Trequency. Now consider the ecir-
cuit below which represents the scematlce dlagram of ind-
uvetion motor with series capacitor.

|| —AMAM—— 75— T ——— M —
| | - X rs iXs ; i%r Yo ]
i Apphed vo"’ugc : Jx"é J-:s-s—l".-
I | U
it AMAN T qm—fwvw——‘ g
i Xc/m g ‘lnXS ‘MXr Y
imxm ._L.Sa.r'rg L

F:% 7 Diog rorm of an induction motor with series capacitor

“heres
Xs = capacitive reactance of the series capacitor
ry = resistance of stator
X = leakage reactance of stator
Xpm = reactance of the magnetlizling branch
Xp = leakapga reactance of rotor
r, = reslstance of rotor

8 = sllp.
(A1l reactances and resistances are expressed in per unit
on & certain base.)

The firet circuiit of fig 7 is the schematic dlagram of
an induction motor. The second circult is the same as the
first one excepit that all inductances and the capacliance
ere multipllied by @ thus establisiing a clrcull of which
resonant froequency is w Llmes Lhe systeam Irequoncy. This
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eircult 1s used to explain how induction motor functions as
an induction generator of low frequency current. After system
voltage is applied to the motor the spead incresses. When
the speed goes beyond the synchronous speed with respect to
the second eiroult 1ite slip becomes negative., WYhen 83 be-
éomes negative, resistance X' becomes also negative.

If this resistance becones nogative enough Just to cancel the
positive resistances in the circuilt, the circuit self-excites

and tho currents of resonant frequency flows continuously.

In oxder to find the conditions which must e satlisesfied
to allow oscillation of natural frequency the inpedance of
the ecircult 18 set equal to zero. 7The tutal resistance in
the rotor ciroult is:

1- S,

v S S ¢ (14)

The iwpedance viowed {frou the rotor alde is:

J"me["s-* 3"“’“"3."%1 ,‘,a'-er-f fsi'-

f's+}'me+5'me-j .’fr-n‘—

o T
e x b ]
- m)&nrs(mx'n-i'mxs—%)-mxmrs(mxs’%)*' ?l[r‘s.;-(meameg- -#) . (15)

*
G (m X +m Xs - Xe)

me "sl-mem('"XS" %)(mxiﬂ‘* me- 3{,—5-,)+m)(r[""+ mem*mxs-!'%‘d

. 4 (mXmamXs_ X )

+3

Equating the real component 4o zoro givess

z
m)(:. 75 5. - T [I“;+ (MXrn +m Xs l‘f.)]
s ™

& . rn'th s

S

2
r:-l- (m xm+mxs_.,&g)
7y
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2
(e m Xm s

Vo 4 ?:'-_(mtxm +m Xs- Xc) (16)

Eguating the lmaglnary part 4o 26r0 gives:

mXm 05 +mXm (m G L(n%)(m_’(m +mXs— xTn':) +m Xr f's‘-rmxr(mxm-&m)(s__é'_c_):O
e (m Xm +er)= = (m Xm +m )(s-._?‘:)[m Xm (m ! G _x_".)-g- m Xr (me- Xs)-om‘Xm)(:J
m m m
== (m Xm+mxs_.2‘;.‘)[m)(m (me_ lm‘:)—f m Xr (me_.Z(m:)+ e Yea Xr]

=_.(mxm+mxs_%(n.¢-)[(m Xm +m Xr)(m Xs - _xf-) 470 X Xr}

m

re =-— (m Xm +m Xs_. L‘&.)[me-{- _________.m‘)("'x" o,
= ™m

mXm+mXr

(A7)
dinece Xm, Xg, and X, are the constants of the machine for
the sako of siapliclity let:

then 7q. (17) beconea?®

l";:- (rr\ Xy = L‘r;“:-)(mx:... i‘:.)

m

or
f's’.: .-:;1 (m‘)!. - Xt-)(mt X Xc)
(18)
Using the same simplification Eg. (16) becomes:

s < m* X € (19)

s 4 .';.‘(m")h— Xc.)



26
Starting with Eg. (18) and rearranging the terms gives?:

L

r,=-7;—1(m‘X.—X«.)(m‘XL-xc) {21)

As according to its definition m has to be a real number;
self-excitation is only possible Af Eq. (21) has at least
one real root. ‘

Real roots are possible only if:

(‘rsi—- %) Xe —XzXc)1> 4 Xi X XCL
(22)

and also.

AL
S — Yo Xe = Xa e 40 ( )
23

Taking the square root of both sides of Eq. (22) gives.

PR esirbe — Yo Yo > 2 VX X2 X

Taking the square root of both sides of Eq. (23) gives?:

= [XI X < —IXLXc—rsL] < 2 X %2 Xe

ox

2 ]
XIXt.—-'ZJX|)(1 g +X1X<=(1Y:X¢,— >(~a.)((.)>r5L

or

A bl NXz.Xc.l (24 )

Consequently self-excitation is only possible if Eq.
(24) is satisfied. The result is that if Eq. (24) is not
satisfied then self-excitation will not occur. Sometimes
it is impossible to have a value of rg which satisfies
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above equations,. In thia case o resistance R 1s shunted
across the capaclitor.

} ot

H""‘I WW—7
* § Xs

| Fi%. 8. Shunl resistance qeross the serie < ca paci tor

The above circult can be simplified and made similar to the
elroult of Fig. 7 in the Tollowing manners

lott
X
r‘sI: s + L&Xal
R + Xea
2
Ye'w kS A

R+ Xc©

then, Flg. & becounes?

-T'x‘l rsl iX5 IXP

| %3 J-;"Ié

Fl'g.g. Su'mplﬂo'ed form of Fiﬁ.a

Again following exsctly the same procedure an egquation simllar
tc “ge. (24) can be obtained:

/[
r3/> Xe (X4 Xz)

rs’ Jx X - V% Xu (25)

Hence the value of = which satisfies Eg. (25) can be found.
If this resistance is shunted acroas tho capacitor seolf-exclt-
ation can b9 elliminated.

Sometl zes especially when motors are started infrequently

or
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the use of & shunt resistance R and hence all these caleule
san be avoided. 3Since the reactance of the capacit-
inversely proportional to frequency whereas that of
tor is directly proportional, the reactance of the
capacitor is small and consequentily the voltase dror across
-4t As lorge at small frequenclies. This large voltage drop
across the capacitor zay cause the protective gap in parallel
with the cepacitor bank to flasheover, thus short cireculting
the capacitor, This prevents the resonant condltion and
enables the motor to accelerate normally to full speed.
After a cortaln tiase the capacitor is sutomatically restor-
ed to the circult.




HUNTING OF SYNCHRONOUS MACHINZRY

Any synchronous machine connected to a power system is
subject to disturbances caused by several reasons. These dise
turbances tend to set up rotor oscillations of the synchrone
ous machine. Usually the inherent damping of the system is
sufficient to prevent hunting resulting from the above effects.
However, under certaln condlilons this daxping mway be very
small and even negative. The effect of the armature resis-
tance and reactance together with the line resistance and
reactance determines whether or not a negative damping exists.
As the retlic between the above mentioned resistande and ine
ductance 4;_ increases, the tendency toward hunting also in-
greasss, In a system of which the inductive reactance is
compensated with the capacitive reactance of the seriss cap-
acitor the ratio between resistance and inductance is high
and eyetem is subject to hunting. The offect of the arm-
ature resistance upon the hunting of the machinery can be
nade clear in the following manners.

It is a well known fact that the fictitious wvoltage ed
i8 squal to the arithmetic sum of the direct axis component
of the terminal wvoltage and the product of the direct axis
component of current and transient resotance x4 + Henoce the
difference between ed and ed can be written ass

e ey = i Sdaxa (26)

/

7 TR T e R (27)

From the above equations it can be easily seen that the great-
er the demagnetizing component of current 1s, the smaller 1is
¢¢'¢ssum1ng a constant excltation. Now assume a synchron-
ous machine connedted to an infinite busa with a line which
contains only reactance as shown in Fig. 10.
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[ tl £1

X
€, > 3

Real power
(o) i
Fig. 1ea. A sync hronous machine connected to an infinile
bus H\rough an inductance, (b) power-circle diagram of(a).

The power equation for the sending end of the system

shown in Fig. 10a is?
p= _E* /-30°_ EiEs [6-90° (28)
X X

where © 1ls the angle betlween the generated voltage and the
voltage of the infinite bus at the raceiving end, and E; and
Eg are generating end voltage and receliving end voltage re-
spectively. The corresponding power-ansgle dlagram 1s shown
in ¥Fig. 10b., Now assume that for some reason the rotor
began tu oscilleste sinusoidally about the mean angle 6 with
a Trequency f and an amplitude Ame From Filg. 10b it can
be seen that as the angle increases from €1 to &z the de-
megnetizing reaciive kva and consequently the demagnetizing
current 1d aleo increases. As id increases e decresses
8o that & positive incremental chance AQG in & corresronds to
a negative incremental chance Aed'in edf. However, due to
the inductance associated with the field cirecult, 8¢,cannot
change rapidly. Hence, 1f the sinusoidal change of AQf is
plotted on & horizontal axis the corresponding change aed’
will follow an elliptical curve as shown in Fig. lla.
Then, as the angle ineresses, ey decreases, and.‘Aeiwill
follow.the elliptical path in a clockwise directions In Fige. 11lb



b)

Fi?.n Plot of ae’a aqainst -

power is vlotted against angle. As power inoreasss with an
inerease in ey’, the instantaneous power curve also will
follow & similar elliptical path in 2 clockwise dirsction.
Assuming a constant mechanical input, r_, the acceleration
torquoe at any instant will bDe the difference between F, and
the corresponding point on the instantaneous electrical
power curve. Froa Fig. 11b 1t can be seen that goling froa

e to a, the decelerating torque represented by the area (eab.
is greater than the area (ode) by an amount (eaf) asince (ode)
ie equal to (abf). Under those gonditions the systom is
stable, nanely there is & positive danping torque.

Now assume that the saze synchroncus machine ia oconnoote
ed to the same infinite bus with & lineo having a resistance
and reactance. Tho aystem and the corresponding power dia-
gram is shown in Flg. 12a and Fig. 1&b respectively. The
povwer equation for this case is?

= l" "ﬂ 1 Ex o“ﬁ
Bl ; Vi i ﬂf / (29)

where / 18 the arctangent of the ratio of line reactance to
line resistance.

From Fige. 121 1t can be observed that an incremse in
angle will result in an increase in i4 and consequently in
e’y and & decreaseo in angle will result in & decrease in
ig and es’. This is the reverse of the previous case. It
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e — — P = —§ e —— e = ‘
2
:
. iR x

= W\ < /
' z EHE i o Real power
() (o)

Fig.lza. Ar synchronous machine connected to an infinite
bus throuqh an impedance, (b) power-circle diaqram ot (a)

is obvious that under this condition the incremental chanme
Aeqdwill follow the eliptical path in & counterclochkwise
senge. The sane thing is also true for the power curveo.
The natural result of this is that now the accelerating
torque will be greater than the decelerating torque and

the system will be unstable. However, again fros Fig. 12
it can be geen that for values of @ greater than &3, an in-
erease in angle will resuli in & docresse in 15 and ed , as
was the case dlscussed previously, and the system will be
atable. '

The angle 8, is the ancle at which ths reactive rower
bas & sindmun value. This angle can be found by differante
lating’resctive power squation and setting it ecual to zero.
Howaver, this noed not Le done as this angle can be easlily
detornined fro= fMg. 120 o be equal to 90-8 »

Yhen the line between the aynobronous machine and tho
infinite bus 1s purely reactive 1t was shown that the de-
gelerating torque rerresented by the area (2db) was greater
than the socelerating torque reprosénted by the area (cde)
by an amount which is reprosented by tho area (eaf, when
instantanecus ineresmental value of electrical torque travele
from e to a. vhen it travels froz a to ¢ the decelerating
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torque is greater than the accelerating torgue by an amount
reopresented by the area (fce). Henee in one complete cycle
the axecess energy to produce dauping 1s the arsa represeonted
by the loop. When the line betwesn the synchroncuz machine

and the infinite bus contalins resistance as well as reactance

it was showm that the decelerating torgue was greater than
the ascelerating torque. Using the same reasening it can
be easily shown thati in one complete cycle the deceleration
torque is greater than the acceleration torque by an amount
ropresented by the area of the loop. If clockwise direction
is8 taken as reference this area is negative. Hence making
uae of this faocl & oriterion can bLe established to deter-
mine a limit for resistance below whiech the danger of bhunte
ing does not exist. 7To 4o this the excess energy rerreosent-
ed by the area of the loop is found and a relation between
rosistance and inductance can be found which makes this area
positive. For this purpose the power loop is enlarged and
redravn in Fig. 15.

Pm

Fi%. 13, Ello'ptica.‘ Fql’h of aed
The incremental aresa shown in Fig. 13 is:

APxd(as)

where :
AP= dP Aed
ded

At the beginning of this discussion it was assuved that

ADAB= ABm Sinznft

-
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Advlll also form a sinusoidal variation but dgo to the
inductance assoclated with the rield circult, ed can not
change 1mt&nu\noou|1y. there will be & lagging angle Y.
chco Ae¢ can be written as:

Aed = Aedm sin(znft+9) (30)

where ;Aeémll the amprlitude of the oscillation. Hence,

APxd(a8) = 0“’) x A edmsin(anft +9)x d(as)
ded
=_;iﬁAe&m sin(anft+ $)ABmanf cosznft dt (31)
ed
Since the frequency of oscillation is f, the period T of

the oscillation will simply be %-. Integrating this area
for one complete cycle givest

“
Area = /ded.A edm sin(2nft+9).A0m anfcosznft dt

Y : (}')
=2nfabmx 2P Aedm /;m{zuﬂw ¥)coszn§t dt -
ded 0
aking use of the following trigonometric relation
Sinales g = %[sin (4+F} + Sin («- p)]
Eq. (32) becomes:

Area = 2nfA0m .Zif A Cin 5.1 [ }(;.ucanfuvusmv)dt]
ed

%

=2nF80m 9f Aeum [-J'_’LL’_'_“LL‘!}+ tsin?]
o

ded YnF

ded F &

o EADa 2L acldms sin? . (33)
de'd



From Eg. (33) it is seen that the sign of the area which
reprasents power depends upon the two factors:

1y« The sign of %eﬂu
20~ The slegn of Aedm siny
How %‘% gcan be found in the following way:

./ci

5 é*

Fia. 14. Veclor dia%ram of a synchronous machine

Refferins to Fig. 1l4:

35

Ey cose +1qr + 1d de = ed , (54 )

£T sin® + A.dr = 11 Xq (33)

Solving above equations simultanecusly for 1 and 1q gives:

iq: t(ETs'me +1:¢r) (36 )

& T (e'd - Er cose_iqr‘)
Xd

(37

Substituting the value of i, in Eg. (36) and Eq. (37) gives:

igs 3 Lel_Ercase_ i (Ersinewidrdr)
Xd Xq

fd: _Xaed-X4Ercos®_rEysind (38)

r+ Xd Xq



|1= ‘_;_ ( ET 5"'7.94' quld—qurcose-—r‘E_-r $1ﬂ6 r)
ke Y+ X4 Xq
iq = Xd Exsin® + red -r Eycosd {32 )
rr+ Xd Xq

The power whnich also includes the loss in the resistance
can be exprassed as Tfollows!:

P= Real Part [ L E*]

P= Jiq Excos d + id ETs'm &

iq (ed-xdia) + idxaiq =

= i9 e'd -Yalldl:i 4 Xgq id«}

(40)
Substituting the values of 1y and 14 in Hg. {40 ) mives:
‘ / < . =
P= (xq- xd) Xaed ~ Xa Er(esd-rErsmd %dExsind+red-r Er(osé
r'+ xdxq r X Xq
(4 . =
i Xt Er sin@+ced-r By (6568 o'y (41 )
rt+ XdXq
Differentiating P with respect to ed gives:?
dP . (xq-xa) 28 « AdErsin@+ced _r Eytes®
deld r*+ )"d )(q r."_‘. x'd Xq
P e N (_YXeed - Xq ET(e50-r Er sin
v . a 7
r+ xdXq r+ %X'd Xgq
, (42)
, XdErsine +2red —r Er Coes B

XY Xaq

In order to investigate the conditions for 5¥?>0, let:

e
(XQ- ,’d) ! Mﬁs{ne-ﬂ'edl—rET(osﬂ)xl*(Yq e’d - Xq ETCoSB-rETsinOE]
'+ x'd Xq

A sty MR rt+ x'd Xq
+ xd Ex sin®+are’d -rky CosB

> 0
r*+ Xd Xq

If 8 = 0 it can be observed that every term in the above
eguation 1s greater than zero:

Xq- Xd >0
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r+ x4 Xq > 0

re’d -rEy )
Xqed-%q E7 >0
ared-r £y o

It can aleo be sesn that as the angle incresses 1in Lhe pos-

itive direction the above equation which is equal to 4f be-
comes more and more positive. Vhen & = ;, thiz equation bo-

GOLOs

/
_).‘J_".Z(...‘i_. xq (xdl:’-r+red)+r(x9ed rET)]./. X:/A-I+zres( >0
(r x4xg)] Y4 x'dXq

It 18 quite obvious that the value of the eguation 1ls pos~
itive. 4is the angle continues to incrsasze, approaching W,
gince the wvalue of cos & 18 negative for -5- @ (1— the
terna involving (-cos @) will be pasitive and oh@ value of
the whole equation will have even a greator positive value
than before. &ince in practice @ is never greateor than o
it can be sald that %;‘;d is always positive. ilsnce, the sign
of the area which represants the value of the power depends
upon the sign of Acl, sn¥ +« The value of scdmsin ¥ oBA DO
deternined in the fellowlng manner.

J
| A |
| : Fiq.15. Excitation vol.to'ae
W Ex .
. applied to the field of a
‘ ' synchronous machine _

Suppose that a oonstant excltation Iy is applied to the
field of the machine, Aa far &s the transient conditlons
are sonsidored excitation woltage, 5y, ¢8n de written in
the following manner?

o %’ (4% )

The above eguation can alse be written in per unit quant-
ities in the following mamner:

(43 )

L

i,
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Bx = el 4 Tde ;;lt_:fe( {45)

where Tggs 18 the time constant of the machine. In ineremnent-
al values Eq. (45) becomes:

Ned + Tdoﬂ_:_’i -0
d

A = - Tdoi%él (46 )

sinece excltation voltapge,sy, is constant. On the other hand
it was previously shown that?

or

ed= ed+ 2d (xd- xd)

and
Ld- _Xaed - XqErcosé-r Er 5in8
P x'qu
Henes$
’ (Xqed - xq Ea»s0-r Ersin @)(xd- rd)
Gl = R 3 9ed- XqIGE
[ T Xq
ed = ("x+vd><q)e'd.— (xd-x’a)(-r Ev sin 6 + Xq Ercose)

r“ + x'J.XQ
Therefore: .
Aed = (< xdaxg)aeld — (xd- xd)(rErcos & — Xq Ersin o) AB

(47)

r"+ de XQ
on the other hand it was assumed previously that:

A6 = APm sin znft
Ae'd = Aeam sin (znFt+ x;)

Substituting all these values in Eq. (4€) glves:

(% xdxq | Aedm sin (znft+ @) (xel-xd){rEv(es6-Xq E-rs}nd)Aﬂm sin245€
r+ XdXq (48)

= _ Tdo enft Aedm cos (znft+ ‘:f)

wb.n t:o,

rt XdX9 A edam sin¥ -~ Tde znfbt Aedm cos ¥
r*+ X'd ¥Xq




SO
When amag, 9,

€ / - .
L+ +XdXg)Aedm Cos ¥ — (xd- XA )(FE1 Cos6 - Xa ET5inB)Abm _ Tdeo 2nF Atdm Sin¥

4 xd xq

Solving these two simultaneous eguations for einY gives:

2
* ! . &
(r+ ¥d Xq ) x LD€dm sinY + Tdoznf A e€dm sin¥

(r'+ xu4 xq)* Tdo2n ¥
o (yé;)('d)[rETcosﬁ—XqE-r siae]aem (45 )
r'+ x'd Xq
Hence:
Aeky sinf= (xd-X4)(¢t ExCos6- Xa Exsin 9)490' P ’ (50)
vl ¥'d Xq Cr¥e yaxatdt, ,Tde2if

Tdeznf (rtxdxq )
The sign of AedmsinyY depends only on the sign of
r Er (056 - Xq E7 5/28
Hente the condition for Acum smm¥>ols!
XqEp 5in® % rEy cosb

or
tan @ ) SE (51)
Xq
In the limit,
tane = ")?C
or i
. 6« tad' I (52)
Considering the line reactance and resistance Bg. (52) becomes:
9= ko' CTA {53)
xq+ X

Yhere R A8 the line resistance and X 18 the line react-
anece. For operating conditions the above egqustion puts &
11mit to the degree of coupensation of line inductive react-
ance by the capacitive reactance of the series capacitor.

The result cbtained above by analytiecal analysis con=-
foras with the result of the qualitative analysie previously

discussed on page (28)




SELF-EXCITATION OF BYNCHRONOUS MACHINES

If a series capacitor with a shunt resistance across
its terainals 18 considered to be in the armature circult
of a synchronous machine, then the laplace transform of the
phase voltages wlll be as follows since the laplace trans-
form of the equivalent lmpedance of the serlies capaciter

in parallel with the shunt resistance is ! g
s
€a = 5’5’...._(r+ Xe }ia (54 )
s+ Xec
eh= s‘?b_(r-.- Xe )ib (55)
s+ Xec
R
X : "
Cc = s?«.-(r+s+2£)4<. (56 )
(3
where:

Yo, Yo, Y. are phase flux linkages

r is armature circult resistance

Xe 18, %3-, capaclitive reactance of the series capacitor

R is the shunt resistance

lg, ips i,, are phase currents

©as @hy © are phase voltages.

(These gquantities are all per unit quantities.)

On the other hand, direct axis and quadrature axis armature

voltages, currents and flux linkages are given by the follow-

ing relations:

edl = 3-3. [_?a. cosB t+eb s (9-/2°)+ec. Cosle-uzo).] (57)
eq = - 33-_ [eq 5inb + ey S.ln(e—-l?.o) =t ecs'mle-uzo)] (58)
di s 3z [ia Cos® + i'pcos (8-120)+ 4c 668 (€+/zoJ] (59)

iq B 3_,-. [l‘q sin@+ 2sbsin (8-128) + i s}n(a-uzo)] (60)
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7 z [ Ya cos 8 + $hb cos (0-120) + Y. cos (anza.)] (61)

‘fq -z [ Ya sin@ + b sin(6-120) + e sin /6’+1201] {(62)

Rearranging the terus of Eq. (54), =Zg. (55), and Eq. (56)
the following equations are obtained?

o = & Pa iy XKy Y - vsda ¢ X Aa . W i Helea  (65)
R R R

Seb = 5%b 4+ X 59b - r5cb- T X b - Xc 4 b- Xc b (64 )
K 3 R

(65)

alX
n
0

1 ' 3 .
S€c = s Yy X s _rsa = X¢ o Moo =
c 3 r c r ..Rdc cAc

Pifferentiating Zq. (57) sives:

ded — ;[ﬂ_x_ cos O deb ces (6-120) + Aee (85 (G+120) ~€asin @
ol S e i dt
~eb sin (6-120)- ec sin /E-/-/zo)] (66 )

Since ) _ ]
Cq= - = [ €a sin@ +eb sin (6-120) + ¢c sin (E+20)

Eq. {(66) can be written in Laplace transform in the follow-
ing way!
SR —}[sft Cos 6 +seb cos L 6-12z0] + 5 ec ¢o5 (af-/zo)] (67)

Substituting the values of 8ga, Sgp» and sgg from Eq. (€3 ),
Bqg. (64), and Eq. (65) the followingz equation 1s obtalned?

s@d- eq = % [ 5 'Ya cos © + s' $h cos /9-/20}+ s> Y cos [6+/za)]

+Z XT{' [ s Ja cos 6+ 390 ces (0-120) + 5 Fe cos (9+/zo)]

-2 [54'4 co538 + 54b (05 ( 6-/20) + S4c (05 (a+lzo)]
3
- X [x'a 050+ b cas (6-120)+ 4c cd5s (0+/2.v)]
R

2y, [ Aa €050 + 41 €OS (@-120) + 4c (o5 104/21’)]

-

E

-~ —

°

Xe [ ea o050+ el cos (9-120) +6c (o5 (v-uza)] (68)



Differentiating “g. (61) gilves:

dSd 2 [:d_gg- cos &+ d¥> cos (6-120) + L cos [9,«/20)]_ .;:[%s;/ea

dt

+ Yhsmn [6-120) + e 5)n/ﬂ+/20)J (69 )
Substituting Eq. (62) in Bq. (69) and taking laplacian trans-
form of both sides Hq. (69 ) becomes: -J

s9d- q = = [59 cos & « s9b co5(6-120)+ 5Fc cas (@+120) (79)
Differentiating Eq. (69) gives:
2 7 [E’i‘! 056 + 2‘_'22 ces (8-120)+ 4 % (o5 /auzo)]
dt‘ 3 £ \. d f
[. é_“_‘ sin b+ d‘!}, sin (6-720) + ¥ sin /9fllo)]+ !Zg
a g (71)
Differentiating Sg. (€2) gives:
dq > y d 3 5 dy ;
'Z’t:! =~ _3.[_::_? s 6+ 7?_ sin (8-120) + 75.5//2(94%20)]
= _}’-_ [_ Saco5s0 + b cos /19—/20) + Y za.s(&+lzo)] (72)

Substituting Eq. (61) in Bq. (72), Eq. (72) becomes?
a9 _ 94 - _ [ d% 5/ 6 + dﬂ sn(6-120)+ 4¥ sir lvﬂzo)] (73)
& i s AE
Subatltuting Eq. (73 ) in Eq. (71 ) gives:

T * 2 .
d Sd _ A[i‘_i.‘ o560+ 56 ro5/6-120) + iy‘- cos [ﬁuza)]n. ,_, » I (TH)
od E™ At~ ar” dt

Taking the lLaplace transform of both sides of Eq. (74 ) gives:

$9d 25 - S = 2 [ 'Ya cosB 45 Pbto5(6-120)+ 5 e (o5 (owzol] (75)
pAifferentiating Eq. (59, glves:

‘ & p . ]

ded _ 3—.[1‘_'. c058 4+ b cos (6-120) + ¥l Gos(o+120)

e  *® de At dc
: (76)
. 3-5.[ Aa 5728 + 4 b sir (6-126) + 4¢c sun {ﬂ-f-lzoJ]
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Substituting Eq. (60) in Eq. (76) and again using laplace
transformation, =2q. (76) becomes: ‘

s,c'd...ig = %-_[sia cos O+ SLb cosl(6-/20) + Sdc zasto-uu)] (77)

Bubstituting Eq. (70), (75), and (77) in BEq. (68), Eq. (68)
becomes :
sed-eq= SYd-25Yq . Fd + ___:E.s‘fd-_lg-.-‘ﬂ-rs‘.di- cig_r 2%4'4
. Xc.l:l- Xe ed
= 2 (78)
Rearranging terms, =Zg. (72) can be rewritten in tne follow-
ing form:?

(.5+ %)[ed%—rid +‘?q-s‘ﬂl]+X¢ td = eq+rtq- sfq_Yd (79)

Starting with the differentiation of Eg. (58) and following
exactly the same procedure another equation which is simlilar
to EBq. (79) can be obtaineds:

(54 %)[eq-:- raq s ‘Pq_*{’d] +Xcdg =-(ed +rid-sPd+ ‘Fq} (€0)

Solving Eq. (79) and (80) simultaneously for ig and igq the
following equations are obtained:

since
Yo - xaTe s+ Xd ;4
To + 1 (L'l)
tﬂl: — Xgq A.q (&2)

Substituting Bg. (81) and (82) in Eq. (79) gives:

(s+ %)‘_cd+ri&-xqiq ...s_é_;(m.i_&é_ia] P T
A To +1

- eq +T4q +5 Xq 49 4 XeTostxd
Te+l




($+ &)[r-{»s x&‘ros-;-xg ] b i Xd Tos + Xd
= To+ 1 To + |

=eq-(s-a-!i‘:.)ed.dr[r+sxq+(5+%)xq]‘-" (83)

Substituting Eq. (81) and (82) in BEq. (80) glves:

($+ Z‘.&.)[Cq +r4.q 4 Squ:q + Xd Tos + Xd l‘d,]-f- Xe 4:1
" To +1 J

= -ed_rl'd_ S )(:l—rls-é— X d
To+ |

td +Xq 4q

id

[(s+ Z‘Ee)(r-r SXq)+X¢_Xq]l:q & Lo Pl (5_,, )_%) x&T_;s+ Xd
o+ |
s _XdTos + Xd
To+1

: X &4 )
g S (S-l- _R‘E) eq ( J
olving Eq. (84) for 1q gives:

( X‘) )(é‘ns-!-)(d.]
Lq-= "‘*(“"—)-(z&)e""f[” S T

(R ——

Substituting the value of iq in Eq. (83) gives:

(s+ &_)(r+sw) & N = xd To 5 + Xd id
. To + | To +1

R
z eq- (s-a- l‘g‘;)ed_ [r-& (254 l';-_)xq] Sk ($+ R")Xq

(s+ X_;}(r+s)(q)+ Xe - Xq

: dTo s+ Xd
g {' s bs + %)_’f__’j*___

< Ta + 1|
— {r‘i‘ (7.$+ !() Xq

($+ %) (r+ s Xq ) + Xc - )(q
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Rearranging the terms:

td[ (s+ Xc)(r+5 ZdTOS*’x“ )+xc_ X:lToS-t}id + [r+ (7_5+ __!_‘__) XQ]
To -+t To +1 R

/
wd To s+ Xd
r+ (z5+ ')’(‘5‘) g +1

(s+ 2%‘.){1’+5Xq)+)(c-)(q

cas(s+ %) %q

= eq- (s+ _X_s-)e.(_ [r+ (25+ Zé&)xq]
s (s+ %)[rwsXq)*x‘-xq

Solving for 15 sivesa:

ea+ (s+ —-é) 1
eq- (5+ )Qd S [r‘+ (zs+ -—z)xq-] (s.;. Z..)(rq-s)(g).fx,,)(q (]\5)
d

dT.s-rY
{s+ 52)(r+ s Xd To 5.+ X xd).,_xc_____xd‘r.s-:-)(d
R

ik =

<
¢ s+ %) %q r*("s*“z‘) Yo+ 1
To +1 To+1

(a-i— 2%.)( r+ SXq) -l—)(:.-)(q

The denominator of 1g is:
’ ’
][ »% S Xd To + Xd 3 SXd.TDi-ch
= [(54» %)(stq +X(__.Xq) (5-0-_5,)(;‘4—5 To:-——“ X Dz ___r_o_;_'__

Xe ] r+ (25+ Xe S*Xd To+ Xd ]
+ [r-f- (25 + o )Xq [ ( ) —

Maltiplying by (Tg + 1) glves:

A [ (s+ Zé—)(rﬂ Xq +X<_Xq)][(5+ %E)i(r-r xe)(Tot1)+s(sxd To+ %d)

~s%Te + xd)}]+ [(zﬂ-_’ée)xq +r] [r(To+1)+ (zs+x‘%)(sx&7‘. o Xd)]

¥altiplying the factors in the above egquation gives:
= 3 Y & ‘1, <
A:[(sk+5Xq+s'xr._ SXq+z.>éﬁrS+1L‘é.qu+zl‘Es..z ’_‘EXQS]

% [(r+¥c)(To+l)+szx'elTo 3 (% x’aT.:Js—XA]+ [r+zsx, +%xq]

x[zs3xﬁTa+(zxd+ ’.‘éx%‘?‘-)s+r(7'.+))+ %Xd] (%6)



Let:

("+"°—Xq+z>%xq)= A
z‘%(m— Xe- Xq) = 8
E(“fXL)(To-rl)—Xd]: C

{ %= ime) =9

[.'z.\(d-o- ?‘_é. :('JT'o]: E

Le(To+i)a Z%‘: xd]‘- H
Then rewriting Eq. (86):

A= [SBXq + As'y B's][s‘X:l.To + Ds+C]+ ['f‘+1sXq+ Zﬁ)lq]

¥ [13(’41'6 53+ E s+ H-]

and multiplying the factors gives:

Asx s %q ¥dTo + $“DXa+53CX%q + s“Axd To + AD+s"Ac 4+ ' BXUTs
+s‘130+sl3C+sﬁzr XATo +sTE +rH+5%¥q xd To+%2E Xq
3 ¢
¥gH +5 2 ¥& Xgq Xd To +9 X¢ E + X %q H -
+ S q - q < 0 R %q S q (:7)
Again for simpliclitiy lat?i

(DXq-rAX:{T'o-#-# Xgq X4 To) = K

(c Xg + AxD + BXLTo+zr Xd To +2 )%Xq XdTo)= ™M

(Asc+ BsDa2 EXgl= N

(th +NnE + HXQ-‘- %qu.): 1%
(rH4+ i;_x.‘H)-_R

Xq X:iTe = T



Then =Eq.

&7
{87) becomea:’

A= TSV 4 U5t 4+ pi1824NS*+Ps 4 R

(£8)

Then the roots of the above equation may be analyzed in the
following mamnmer?

sr

T ™ P
K N R
KM= TN LT
% K
(KM-TN)N __ (KP-TR]K (KM-TNIR __ Kyo
K K K
KM- TN KM-THN
K K
(KM-TNIN _ _(KP-TRIK
K i L, KP-TR _ (KkM-TN)R
K M-TH s ¥
K
(KM-TNIJN _ _(Ke-TR) K
K K
KM- TN
K
R
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Slaplifying the above form gives:

I
s + b y
4

; K N R
3

¢ KM-TN KP- TR

o K
T
5 N- WK KP—- TR. R
KM =-TN

« KM~TN R

s! KP-TR

N= K KP~ TR
KM~ TN

Then not to have self excitation the following equatlons
must be satisfled:

1“)0 7
wy o0 (90
KM-T >0 (91)
K
N-K ""'&’”'- >0 (92)
L o 1 S )
—KE-TR - >o (93)
K N-K . KP- TR
KM-TN

R>0O (94)



--Q- (bO}» and (94) &ro Inherently satisfied«
stance not to have self-exaltation only fq* @ 1) (92)# and
(G3 /7 must oe satisfTied.
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FERRORESBONANCE IN TRANSFORMERS

If a voltage is applied to an unloaded transformer at
about the zero point of the voltage wave, a high inrush cure
rent may result. This inrush current lasts for several oye-
eles after which the transformer draws its normal exciting
current. However, if the unloaded transformer ls energlzed
through a series capacitor an abnormal exciting current =zay
persist in the steady state., This results in & badly dis-
torted voltage wave form mostly composed of lower Iregquensy
components in the secondary of the transformer. This phen-
omenon is known as ferrorescnance. rFerroresonance can be
elininated automatically in most cases by means of a parall-
el gap included in the protection equipment of the series
capacitor. Somstimes the magnetizing inrush current 1s of
sufficlient magnitude to cause & voltage drop Lo appear acroes
the capacitor high enough to breal down the gap. Toward the
end of the transient period the current in the gap decreases
and consequently the arc across the gap breaks down, thus re-
storing the capacitor to the circult.

If the mgap alone cannot prevent ferroresonance a shunt
resistor across the capacitor can be used to remedy the sit-
uation. The shunt resistor across the series capacitor used
to prevent subsynchronous resonance of motors which was dise
sussed previously in detall naturally also prevents ferro=
resonance of tranaformers.

Sometimes to prevent ferroresonance & certain ainlmum
load on the transformer side of the capaclitor is connected
bvefore the bank ls energized.
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PROTECTION OF SERIES CAPACITORS

A bank of series capracitors comnected in series with
each phase of a transmission or distribution line =:ay be
subjoected, for short periods, to some multiple of ite rated
voltage. The dielectric of a capacitor can be made to withe
stand without damage these high voltages. On the other hand
for a gilven reactance, the cast of capacitors lncreases
approximately as the square of the rated voltage. Hence a
voltage limiting device must be used. The best way to proe
tect a series capacitor from over-voltage during fault le teo
make use of & gap. A simple capacitor protective device for
low voltage protection making use of & rarallel gap commect=
ed across the cepacitor 1s shown in Fig. 16,

The secondary voltage of the transformer which is con=
nected across the auxiliary capacitor i1s a high multiple of
the primary voltage. The auxiliary gap is set to flash over
approximately twice this voltage. The reactance of the choke
coil is low at low frequencies and very high at high free
quencies. This inductance provides & local oscillatory cire-
cult when the auxiliary gap flashes overs This increasss
the high freguency voltage soross the main gap to the Tlash-
over voltage. The choke coil prevents the series capacitor
from supressing this increase in high frequency voltage across
the main gap. This simple protection is sufficlent when the
duration of fault is not long enough to cause the heat gen=
erated by the arc to damage the g&D. The circuit shown in
Fige 17 eliminates this difficulty, In this case the gap
breaks down if an abnormal voltage aprears across the series
capacitor. The current flowling through the gap energlzes
the coil and the coll closes the contactor, thus short sire
culting the series capacitor, gap, and a part of iteself. The
remaining part of the coil 1is sufficient to keep the con~
tactor closed until the fault 1e cleared. However, there
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are some difficulties alsc in this type of protection. ”
First of all the coil must be very carefully adjusted for
each equipment so that it can close the contactor at some
sultable multiple of the rated capacitor current and open
it agaln when the current drops to the rated values Fure
thermore when the gap breaks down the stored energy of the
capacitor is discharged into the colls Hence the coll must
be designed to withstand this. Sometimes due to the high
discharge current of the capaclitor the contactor moves &0
rapidly that its contacts may be closed while the discharge
gurrent 12 still high. The contacts must be carefully de~
signed to prevent welding or excessive burning due to the
above explalned phenomenon. Naturally all these things
make the design of both coll and contactor very expenslves
The use of a thermal switch eliminates the above aentloned
difficulties. The circult of the protective device using
the thermsl switoh is shown in Fig. 18, In this case the
gurrent, flowing through the gap when the gap breaks down due
to & fault, passes through the thermal element and by means
of the heat it develops actuates the by-pass switch thus
short circuiting the gap, the series capaclitor, and the
thermal elements After a time since there is no current
passing through the thermal slement, the by-pass switch
opens, However, durlng that time any fault can be cleared
by means of the protective equipment of the line.

A series capacitor will also Dbe danaged by continuous
operation at more than 110% of its rated current. On the
other hand over-voltage or over-current protection device
may mot operate &t leas than twice the rated voliage or
currenty therefore some other means must be found to pro-
tect the serles capaclitor against tihe probable danages re-
pulting fpom the contlnuous operation at over-load. A
thermal element connected in series with the geries capacite
or can actuate a by-pass switch which short eircults the
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geries ocaracitor before continuous over-load damages 1t.

This 18 shown in Fig. 19.

Sometimes the dielectric of a seriles capacitor may falle
A fallure of dielectric short circuits the capacitors The
short circulted capacitor unit may sustain an internal aroc
which causes gas to be generated in the unit. After a time
the pressure of this gas may be high enough to rupture the
case and even cause damage to other equipment. If a cap=
acltor unit is equirped with a fuse, then the fuse will re-
move the unit in case of a dielectric fallure. But the re-
movael of a unit increases the reastance of the bank, as all
units are connected in parallel, thus subjecting the other
units to over-wvoltage. To prevent this a differential type
relay is used as shown in Fig. 19. Under normal operation
no current will flow through the differential branch, since
all the units are identical, In case of the failure of one
of the units then due to the unbalance of currenits a current
will flow through the differential branch thus closing the
by-pass switch (2) which short ecircuits the bank of the cape
acitors. In Fig. 1Y only two units are shown in parallel for
the pake of almplicity.

For hipgh wvoltages artificial means are used to cool the
BAY=EaT e



CONCLUSION

The conclusion which may be drawn from the previocus
discussions 1s that series capacitors are proving more and
more useful and promising in trensmission and distribution
engineering. 1f all the difficulties encountered in the
arplication of sories capacitors are anulyzed oércfully,
making an extensive study of thsir application conslider-
ations, they will bs the strongest coxpetitors in their
field of arplication. From the standpoint of construction
and naintenance, series capaclitors have already proved
very sconomical es compared with synchroncus condensers.

In the near future the series capacitor will have &

wide fisld of application in transmission and distridbution
engineering .
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