
SHORT· CIRCUIT CURRENTS IN CIRCUITS CONTAINING 
SERIES CAPACITORS 

By 

F. CS~'\KI 

Department of Special Electric Machines, Poly technical University, Budapest 

(Received March 31,1957) 

The development of short-circuit currents in circuits contammg a series 
capacitor has scarcely been dealt \vith in the literature. This may be ascribed 
to the fact that the protection of the capacitor is, for economical reasons, gener­
ally considered inevitable [1]. As the spark-gap protective device by-passes 
the capacitor, already during the first semi-period of the fault-current, the 
series capacitor has apparently been supposed to have but a small effect, if any, 
upon the short-circuit current. ' 

Nevertheless, according to other authors [2] the spark gap may in some 
instances be omitted. In this case the capacitor obviously remains in the circuit 
dllring short circuit and will increase the short-circuit current. The question 
arises: to what extent? Does this endanger the transmission line, transformer, 
circuit breaker, etc.? On the other hand, an overvoltage rises even on the capa­
citor during short circuit. To what extent should the capacitor be oversized in 
order to endure the overvoltage? The present paper is devoted to these questions. 

1. Simplifying assumptions 

To simplify computation we make some assumptions adopted in practice. 
The magnetizing current and the iron loss of the transformers shall be neglected, 
and the tra~sformer substituted by a series resistance R tr and an inductivity Lt;. 
The capacitance and leakance of the transmission line are also neglected 
and the transmission line substituted by a series resistance R t and an induct­
ivity Lt. A pure capacity C, will be substituted for the series capacitor and the 
losses of the latter neglected. An "infinite" bus is assumed before the feed-side 
transformer. Consequently, during the whole period of short circuit the voltage 
of the feed-point shall be of steady value and frequency. W-e start by examining 
a three-phase short circuit ansmg at no-load. 

4* 
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2. Calculation of the short-circnit current 

With the assumptions made, the short-circuit loop may be substituted 

by a simple R, L, C circuit in series, where R = Rt + IR tr and L = Lt + I L tr• 
The short circuit is equivalent to thc sudden connecting of an alternating voltage 
(Fig. 1). 

For zero starting conditions the integral-differential equation of the circnit 
with comple;1; quantities is : 

t 

~ f I dt = U = U m'ej(wt-;-,;,) • 

I u = Um cos (wt+fll) 
f 

Fig. 1 

(1) 

By Laplace transformation* the operational function oj the current may be 
easily computed: 

1 

R -'- 1 
, pC 

(2) 

The time function I (t) may be determined by the generalized expansion theorem 
[3]. I (t) consists of two parts: of the steady-state component Is (t) and of the 
transient component It (t). The steady-state component of the short-circuit 
current ii' 

(3) 

Let us examine the change of amplitude of the steady-state current in case of 
different compensations. The terms below are to be introduced: 

k = Xc/XL the degree of compensation 
h = RIXL the resistance - inductire reactance ratio (i. e. RfX ratio) 

*f(p}=p rf(t}e-ptdt 
.' . 
o 
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If = Urn/XL fictive current. (The amplitude of the short-circuit current -would 
equal this value if the inductive reactance alone were taken into consideration.) 

On the basis of above, the amplitude of the steady-state short-circuit 
current may be expressed as follows: 

(4) 

where Cs means the correction factor of the steady-state short-circuit current. 

Cs 
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Figs. 2a, b, c show the coherent values oh h, k and Cs' If the notations 

R R h 
a=-=--w=-w 

2L 2XL 2 
(5) 

1 
r (R 2 1 1 (f R' Xc 1 r( h ) 2 f3 =! 2£) - LC . w I .2X;\- XL = W I 2 - k (6) 

v=lf-l - (~')2 = wlf Xc _l~')2 =wlfk _l~)2 
LC . 2£ XL 2XL 2 . 

(7) 

are introduced we may write the transient component It (t) in the following form: 
a) In the aperiodic case 

1 it (t) = - I m ej(,,-'f) X 

2 v(~r-k 
X I [ -[ : 1 + V [+1' - k + j k 1 ,1-" +')1 - (8) 

[ 'h} 1/(h)2 J I - - (2 -! 2 - k + jk e(-a-{3)t . 

The short-circuit current transient component of the noncompensated 
system is obtained by the substitutions k = 0, f3 = a : 

(9) 

b) In the aperiodic limit case : 

(10) 

c) Finally, in the periodic case: 

- 1 
It(t)=-Imej(op-<p) lr (h)2 X 

2j I k - 2 

X 1[-1: 1 + j V k -I : r + j +-" j, 'l -
(11) 
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This formula is simplified in case of R = 0 and h = 0 ; 

(12) 

Here simply)' = w Yk. 

2. Comparison of the short-circuit currents 

Now that the time functions are known the short-circuit currents can be 
compared. Comparison will be effected on the basis of the peak value of the 
short-circuit current. 

It is advisable to keep the complex quantities and to employ a method of 
graphic design for the determination of peak currents. The steady-state compo­
nent ls(t) is represented by a vector of constant length rotating ,~ith angular 
velocity w. The transient component ft(t) may be represented by two vectors of 
different lengths [see Expressions (8) ... (12)]. In both cases the initial value 
of the resultant 'Vector is zero, the short-circuit current starts from the zero 
value. To determine the peak current for differtmt times, we draft the resultant 
of the three (in case of k = 0, two) vectors and find that of the greatest absolute 
value. 

When drafting, the factor ei ('I'-q) involved in both steady-state com­

ponent and transient component may be abandoned as a factor not influencing 
the absolute value of the vectors, but determing only their starting position. 
On the other hand, the factor Im figuring in all components, may be taken as 
a factor of unit length. In this case drafting will not give the greatest peak 
value, but only a peak factor Ct. Knowing the peak factor, we may express the 
short-circuit peak current as follows : 

le = Ct Is = Ct I m • (13) 

In Fig. 2c the limit curve ( ~ ) 2 - k = 0 is also shown. It may be read from 

the figure that the most important cases for practical purposes fall within the 

( 
h 2 

territory of k > 21 . Consequently, for the realization of the design we shall use 

first of all the periodical solution given by Eq. (11) and, for comparison, the 
solution regarding the noncompensated case given by Eq. (9). 
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The design for case e. g. k = 0,5; h = 0,2 and k = 1,5; h = 0,2 is shown 
in Figs. 3a and b. The thick line is the diagram of the three current vectors, the 
dotted circle is the diagram of the steady-state component and the dotted 
spiral line is the diagram of the resultant of the two transient components. 
Time segments are marked on the diagrams. 

i 
w 

1)0175" 

I 1,.3811.5 
Jra028sJ 

Fig. 3a 

Table la 

Values of the peak factors Ct 

~ h! 
I: ~; 

0" ,- 0,4 

0,0 1,552 1,316 

0,25 1,55 1,347 

0,50 1,381 1,175 

0,75 1,139 1,033 

1,0 "-' 1,0 "-' 1,0 

1,5 1,355 1,107 

2,0 1,67 1,37 

~ 
\QOf50s 
0»)!25s 

0,6 

1,188 

1,235 

1,081 

r~ 1,0 

"-' 1,0 

1,03 

1,20 

\ 
I 
I 
I 

The results of the drafting are shown i.n Table 1. Table la sums up the 
peak factors and Table 1b shows the time the short circuit takes to attain the 
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greatest peak current in the most unfavourable case, i. e., when the greatest 
short-circuit peak current has indeed developed. Near the maximum value, 
the resultant diagram deviates but slightly from the arc of a circle. Hence, the 
peak factor may be determined with suffiecient accuracy though the space of 
time with less precision. Fig. 4 gives the peak factors Ct, int he function of h, 
'with different k parameters. 

h=Q2 
/(=1,5 

QOJ25s 

Fig.3b 

Table lb 

Time in sec from the short circuit up to the development of the highest peak current 

~~ h , 
I 

0" 0.4 0,6 
k ~! 

,-

0,0 0,009 0,00838 0,00791 

0,25 0,0195 0,0185 0,0175 

0,50 0,028 0,028 0,0275 

0,75 0,0565 0,0475 ? 

1,0 9 .? .? 

1,5 0,0365 0,0370 0,0375 

2,0 0,0175 0,0175 0,0175 

Knowing the factors Cs and Ct> the greatest short-circuit peak current 
may be computed with the formula 

(14) 
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Fig. 5 shQWS the resultant factor C = CsCI' in the functiQn Qf h, "with different k 
parameters. 

Making use Qf factQr c, the shQrt-circuit currents may be compared acco.rd­
ing to. different degrees o.f co.mpensatio.n and different ratio.s o.f RjX. To. make 
~o.mpariso.n easier the V2-times, as well as the 2-times value o.f Co in th~ non-

et 
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~ 
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\ 
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~ ~ 
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\ \ " f'\ 
\. 

\ \.If = 0,5 
1\ 
\ \ \ 

\ \ \ 

1\If=o,~~ 1f=~5 

1\ \ 

Q6 0,8 /,0 h 

Fig. 4 

-co.mpensated system (curves 112 Co and 2 co) are plo.tted o.n the figure (do.tted 
line). Emplo.yment o.f terms c, Cl and Cs fo.r the co.mparisQn of shQrt-circuit 
-currents is sho.wn by an example. 

4. Example 

Let us co.mpare the sho.rt-circuit currents of the system sho.wn in Fig. 6. 
Calculations were made in relative units referred to. a basic vo.ltage of 22 k V and 
to. a basic power o.f 2 MV A. Results of the calculatio.n are sho.wn in Table 2. 

Sho.uld a sho.rt circuit behind the step-do.wn transformer take place the 
results o.btained sho.w Is to. increase by 2,06 and 11 by 1,68, in case o.f Xc = 10,76% 
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120 kV 24 !1VA 'jj!J 22 kV r;u 2!1VA YJ 
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Fig. 6 
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(k = 1), while in case of Xc = 5,38% (k = 0,5), the increases of Is will be 1,52 
and that of It will be 1,37 as compared to the noncompensated case. If the short 
circuit takes place at the receiving end of the transmission line, in case of 

Xc = 10,76% It increases by 1,08, It by 1,05, in case of Xc = 5,38%, Is increases 
by 1,59 and, It by 1,42 as against the noncompensated case. But even these 
increased currents are considerably smaller than the short-circuit peak current~ 
resp. the steady-state current arising at the sending end of the transmission line~ 

Place of the 
short circuit 

1. ....... . 

1. ....... . 

I ........ . 

H. 
H ........ . 

!H. 

Ill. 

R 
o· 
.0 

6,045 

6,045 

6,045 

4,745 

4,745 

4,745 

0,235 

Table 2. 
Calculation of the short-circuit currents 

x i 
. L I 
o· 
,0 

10,761 

10,761 

10,76
1 

5,76 I 
I 5,76 I 

5,76 ! 
1,29 

10,76 

5,38 

0,00 

10,76 

5,38 

0,00 

h k 

0,562 1,0 

0,562 0,5 

0,562 0,0 

0,8241, 1,87 
I 

0,8241 0,935 
i 0,824', 0,0 
I 

0,182 1 0,0 

1,77 

1,31 

.0,86 

0,81 

1,19 

0,75 

0,98 

1,0 I 
1,097

1 

1,22 

1,09 I 

1,0 I 
1,12 I 
1,58 

5. Further generalizations 

1,77 

1,433 

1,05 

0,8821 

1,19 

0,84 

V;5 

/~·I 
9,31 
9,3 
9,3/ 

17,35 

17,35
1 

17,35 

77,5 

Is le 
p. ll. p. U. 

16,46 1 16,46. 
12,18 13,32 

8,0 I 9,77 

14,05 1 15,3 

20,641 20,64. 

13,0 I 14,6 

76,0 i 120,0 

The above calculation started from a three-phase short circuit arising at 
no-load. The results obtain~d may be generalized for asymmetrical short circuits 
too. Thus e. g. in case of a two-phase short circuit the terms Cs and Ct remain 
unchanged, only the fictive Ii current will increase to its V3/2-times value. 
Therefore a three-phase short circuit is more unfavourable than a two-phase one. 

It is easy to apply the generalization to the single-phase earth-fault (if 
the resistance Ro and the inductivity Lo are considered constant, independently 
of the frequency), as the positive-, negative- and zero-sequence nctwork must. 
be series-connected. In this case: 

As generally 
Ro R --< and Xo>X 
Xc X 

we may count upon smaller values of hand k than in case of a three-phase fault .. 

The current If ,,,ill also be smaller since 2 X + Xo > 3 X. O'''ing to the fact 
that with the decrease of hand k the terms Cs, resp. Ct may either increase or 
decrease, no general statement can be made as to whether a three-phase fault 
or a single-phase earth-fault is less favourable. In any case conclusions concern­
ing the three-phase fault can invariably be applied to the single-phase earth-
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fault, too. The generalization, however, cannot be applied to a two-phase earth­
fault, since in this case the negative- and zero-sequence network must he paral­

lelly connected. 
We have hitherto examined only such short circuits as may arise at no­

load. It remains to find out the character of the influence of the initial load. 
The load current at the moment of short"circuit is assumed to be 

Umeh ' 
10 = ---=-- (15) 

where 1:7; comprises the load impedance too. The initial voltage of the capaci­
tor is 

Vo = - jXcfo. (16) 

The Laplace-transform of the short-circuit current in this case is : 

I-() ri- J';. I 1- pL -1' X- I (1-/') p = U m e . + 0 -- + oJ -' c 
P - J CO Z (p) Z (p) Z (p) 

1 
-where Z(p) = pL +R + -. 

pC 

The time function of the first term on the right-side had been determined 

previously: Eq. (8) ... (22). The time function of the second term for the periodic 
case: 

The time function of the third term on the right-side is 

j,,)t _e<-a-j..t) 

10 -=----'---:::-=======-----'-

2jl k-(~12 (19) 
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By this the full solution, considering (3) and (11) is : 

I(t) = I ej('i'-q;) e jwt - (I ej(~'-q;) - To) 1 X 

• m - m 2J ! k - (: r 
![ (h) -1 ! h )2 X -2 +j;k-h- + jk]e(-U +j ,,)! -

jkj,,-"-j')'I· -[-r:)-jVk-(:( 

K=1,5 

u + 
! 1'.=1,0 

ls, , 
I , , 
I 
I , 
~ X:=Q5 
I (J 
I 

'I.it It < 

h=05 

Fig. 7 

/. 

/ls 
// J,- A=o'O 

/ t.. 
/ -

(20) 

The steady-state component of the short-circuit current is not influence cl 
by the initial load, but the transient component is changed by it. Fig. 7. _~hows 
the vector of the load-current 10 , the steady-state short-circuit current Is and 
of the resultant transient component I/O for the initial time, '\vith different 
degrees of compensation k. The transient components are, generally, smaller than 
in case of faults arising at no-load and exceed this value at very great over­
compensation only. As the angle between Is and the resultant vector It is still 
close to 180c

, the factor Ct under the effect of the initial load generally decreases. 
In other words, the fault caused at no-load '\viII be more unfavourable. 

6. Conclusions 

W-e have studied the increase of the short-circuit current caused by the 
series capacitor, provided it remains in the fault loop during the whole length 
of the short circuit. The short-circuit currents of the compensated and non-
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compensated systems may be compared by means of the correction factor Cs, 

the peak factor Ct and the resultant factor C = Cs Ct. 

1. Conclusions regarding the steady-state short-circuit current may be 
read from the correction factor Cs (Fig. 2). The more complete the compensation, 
the more the amplitude of the steady-state short-circuit current at a given ratio 
of RjX deviates from that of the steady-state short-circuit current in the non­
compensated system. At a small degree of compensation, as well as at a great 
overcompensation the deviation is smaller than at a compensation around 100%_ 
The effect of the ratio RjX must be taken into account too; at a small h value 
deviation is considerable, at a medium h value it is already smaller and at a 
very great h value it is insignificant. 

2. Conclusions regarding the transient component may be drawn by using 
factor Ct (Fig. 4). The peak factor Ct to a certain extent changes opposite to the 
correction factor Cs. At a small degree of compensation and at a very great over­
compensation the factor Ct is somewhat greater than the factor Ct" of the non­
compensated system. Approaching full compensation, the effect of transients 
decreases, the peak factor Ct comes near to 1. It may also be stated that ·with 
an increase of the ratio R/X, the factors Ct themselves considerably decrease, 
though the deviations are but slightly influenced by the change of h. 

3. Conclusions regarding the short-circuit peak current may be drawn 
by using factor C which includes also the effect of both factors Cs and Ct. The short­
circuit peak current of the compensated system may be many times greater 
than that of the noncompensated system, especially in case of a very small RjX 
ratio and at a degree of compensation near to 1. Nevertheless, from RI X = Iz = 0,4, 
even in case of k = 1,0, no peak current of more than t\vice the noncompensated 
case arises (see Fig. 5). At a small degree of compensation (about k = 0,25), 
the greatest short-circuit peak current in the compensated system is about 
V2-times that of the noncompensated systenl, within the range of RIX = 0,2-0,6. 
'Vhen R/X = 0,6, the peak current will not be greater than V2-times, even at 
k = 0,5. 

4. All these comparisons referred to short-circuits arisen at identical points 
of the compensated and noncompensated system, e. g. at the receiving end. 
If we compare a short circuit at the receiving end of the compensated transmission 
line with that at the sending end of the noncompensated system, circumstances 
become even more favourable in the compensated system from the point of 
view of both steady-state short-circuit current and short-circuit peak current 
(see "Example"). 

5. The above conclusiom obtained by assuming a three-phase fault can 
readily be generalized for cases of a single-phase earth-fault and of a two-phase 
fault, while the two-phase earth-fault necessitates a separate study. 

6. Consideration of the initial load does not affect greatly the above 
conclusions. Ge 1erally, a short circuit caused at no-load is the most unfavourable. 
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(With the exeption of the case of great overcompensation, but practically this 
is not important). 

7. Summing up the above we may state that from the point of view of 
short-circuit current the series capacitor need not be provided \vith a protection 
and by-passed in every case. Although the short-circuit current of the cOUlpen­
sated system is always greater than that of the noncompensated system, this 
increase is not considerable, especially at greater h and smaller k values. For the 
transformer, the trausmission line, the circuit breaker, etc. this increased short­
circuit current does not seem very dangerous, as they must endure even the 
faults arisen before the series capacitor (e. g. the sending end of the trans­
mission line). 

7. Overvoltages on the capacitor in series dW'ing short circuits 

As demon8trated above, the increase of the short-circuit current caused 
by the capacitor is no great danger to the elements of the system, i. e. the trans­
former, the transmission line, the circuit breaker, etc. The next question to be 
examined is, whether the capacitor itself can endure the short-circuit current. 

Again the most simple case, the three-phase fault arising at no-load will 
be studied. 

The Laplace-tran8form of the capacitor voltage may be written in the 
following form: 

-- - 1 1 
V (p) = I (p) = U m eN .. -"'---- ---------

p C P j OJ p2 LC +- P RC 1 
(21) 

Making use of the expansion theorem, the time function of the capacitor voltage 
e. g. for the periodic ca8e : 

.. - .". k 
V(t)=UmeJ('i'-:") . eiwt _ 

- h +- j (1 - k) 

k 1 

J. (1 - k) l'-;-==~('=J ==-0 X 

2 j
l 
k- ~r 

x[l- [: I + j 1. k 

r l~)-jlk 
-_.... 1 

. h 2 [-;-1 - jJ e(-" -j,')t 
. - , J 

(22) 
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(By means of the substitutions used for the calculation of the short-circuit 
current the solution can be '\'.-ritten for the other eases, too.) 

Neglecting the transient part for the the time being, let us deal ,~ith the 
steady-state component. Its absolute value is : 

v -u 
s - m Vh2 

k 
(23) 

(1 - k)2 

Let us compare the amplitude Vs of the capacitor voltage established by 
the steady-state short-circuit current ,vith the amplitude Vo of the nominal 

operating voltage of the capacitor, 

(24) 

To eliminate the load current 10 let us write the approaching form of the voltage 
drop in the noncompensated system: 

E=sU",r8Io(Rcos e (25) 

-where cos e is the power factor at the sending end of the transmission line. 
The division of the above two expressions yields: 

(26) 

and considering (23) 

V s 

V o 
(27) 

Introducing the impedance angle CPo of the short-circuit loop for the non­
compensated case 

lz 1 
and sm CPo = -:r==--=== cos CPo = --~'---===-

the qnotient of the capacitor voltages may be 'Hitten as follows: 

V s 

V o 

Vh2 -1 
j!h2 (1- -le):! 

(28) 

(29) 

Let us examine the smallest value of the above quotient: The power 
factor is, generally, between 0,9 and 0,5 corresponding to e = 26° ande=60:\ 
resp. In practice 0,2 < h < 1,0 and thus 79° > CPo > 4,5 0

• 

5 Periodica Polytechnica El r;2.. 
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Let us consider three cases in detail : 

1. h = 0,2; CfJo = 79° and 8 = 26°; i. e. cos (8 - rpo) = cos 53° A6 0,6 ; 
2. h = 0,6; CfJo = 59° and 8 = 26°; i. e. cos (8 -rpo) = cos 33° = 0,84; 
3. h = 1,0; rpu = 45° and 8 = 60°; i. e. cos (8 - rpo) = cos 15° = 0,97. 

For these cases, with different degrees of compensation k, computing the 
value of 

cos (8 _ m ) Vh2 + 1 
TO :-r1(iJ===2='=:=(1=='k )==2 (30) 

it can be stated that except the extreme case of h = 0,2, k = 2,0, the factor 
in question is greater than 0,75, moreover, most often greater than 1. 

The percentage voltage drop of the noncompensated system is certainly 
smaller than 30% : s < 0,30. This means that even in a very favourable case 

The output of the capacitor in case of identical reactance is proportional to the 
square of the voltage. Consequently, if the series capacitor is not by-passed 
during fault, it must be oversized at least 6-9 times, which would lead to an 
uneconomical solution. This unfavourable situation is somewhat improved by 
the fact that the capacitor may be overloaded for a short time, 'which, however, 
leads to an abbreviation of lifetime. 

The above proportion would be even worse by taking into consideration 
the transients. Comparing the transient short-circuit current It(t) Eq. (11) and 
the part of the capacitor voltage Eq. (22) in braces, a deviation can be noticed. 
This seems to require a detailed study of the transient component of the capacitor 
voltage which, however, could be omitted since the examination of the steady­
state component has revealed the necessity of providing the series capacitor 
with a protective device during short-circuit. 

8. Conclusion 

We can conclude that the weakest link in the short-circuit loop is the capa­
citor itself. While the other elements of the network endure even the short­
circuit current of the compensated system, the voltage arisen on the capacitor 
is a multiple of the working value. In most cases it is more economical to design 
the capacitor for the working voltage and to install a special protective device. 
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Summary 

Short-circuit currents arIsmg in power systems compensated by series capacitors and 
~vervoltages of series capacitors are discussed. The aim of the investigation is to answer the 
question, whether or not the series capacitor in a short-circuit should be by-passed "It-ith a pro­
tective device in every case. 
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