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Synopsis

Series capacitors have been -utilized recently in order to increase the capacity of
transmission systems by compensating the detrimental effects of inductance. In such
cases, these capacitors have to be switched in or off according to the variation in
load.

This is necessarilly accompanied by.power disturbances, abnormal voltage rises
etc.. In order to imsert the capacitors, the circuit breakers that are installed in
parallel with them are opened, in which case it is scarcely possible to open all three
poles of the breakers simultaneously.

The present paper deals analytically the abnormal transient voltages across the
capacitors arising due to non-simultaneous tripping of the poles, and the validity of the
analytical results are affirmed by comparing with many experiments recently executed.

1. Non-grounded System

Let us first consider a simple case as shown in Fig. 1, where the impedance
functions of the source, the transmission line and the load, viz. 2,(»), 2,(p) and 2,(p)
are all balanced, ar‘ld the series

capacitors C’s are connected at Z/(p)

the receiving end. EX
Let us choose the origin for ,
the time scale the instant at = ‘¢

which the pole of the breaker s,
is opened.

Let the operational functions Fig. 1. Non.grounded system.
of the steady phase-currents that
would flow if the poles s,, s» and s, were closed, be denoted by the symbols I%(p),

I%(p) and I%(p) respectively; i.e.
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I%(p) = 97" Jsin (wt+05)H(?),

I3:(9) = 7] sin (0t +0%)H(E) (1.1
and I2(p) = D7 2o sin (0wt +02)H(1) ,
{0, 1<0;
where H(t) = {1 >0, (1.2)

and the symbols $! and § denote

LOES. S“’f(t)e-wdt,

or (1.3)

OF(p) = S e F(” dp, ¢>0.

2nj

As already described, let the instant of the tripping of s, be {=0, that of s, ¢,, and
that of s., I, +1, respectively. At first, when the pole s, is broken, the resulting effects
can be calculated by superposing the phenomena that would prevail were the pole
not to be opened, on those that result by forcing the current i2,(#) =9I%(p)
=J% sin (wt+ 0% )H(¢#) through s, in the opposite direction.

The operational function for the voltage across the capacitor of phase a that will

be generated by suddenly forcing i3o(#) in the opposite direction through s, will be

Vol ) = g 198, (1.4)
where 2(p) =z,(p)+z,.(p)+z(p), (1.5

and the operational functions for the disturbance currents in the phases will be

, _ 2
15(p) = ngo(ﬁ) w6

and 0(B) = LB = gysess T%(0) -

Hence the operational values for the transient currents on the three phases after

breaking the pole s; are

Iao(p) —I o(l’) I 0(?);
Loo(p) = I3(Dp)+15( D) 1.7)
and Lo(p) = I%(P)+15(D) .

Next, assume that the pole sp is broken at the time ¢,, and that I, (p) denotes

the operational function such as
I3, (p) =9 H{H(t—- )DL ()}, (1.8)

where it must be noticed that the time function $7,,(p) starts at ¢==0.
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In this case also, the resulting phenomena are obtained by similar procedure as in
the previous case, where s, is opened, i.e. by forcing the current #3,,(¢) =813, (p)
through s; in the opposite direction.

The operational functions for the voltages across the capacitors in b- and a¢-phases
that will be generated by forcing in i3,,(f) as above described will be

Von®) = st atpcs T ) wo
and Vot () = {0 pyCh Ty RpICH T (P |
and the disturbancg currents (operational functions) in the phases will be

Taei(£) = PR L ARG (2.

(8 = ST B s T 18 (2) (1.10)
and 1n(0) = e lta(®)

Hence the transient currents (operational functions) on the three phases after

breaking the poles s; and sp are

() = o) + i), )
Tot,(p) = Ino(P) — 14, (P) ] (1.11)
and It (p) = Ieo(B) + 1o (D) -
Finally, the pole s; is assumed to be opened f, seconds after, i.e. at the instant
t:t1+t2.

And furthermore assume I%,(p) to denote the operational function such as
Igtz(p) =9 HHU-H+ )DL (P}, (1.12)

where it must be noticed that the time function IJ,,(p) starts actually at i=t,+1,.
As discussed previously, the voltages across the capacitors that will be generated
by forcing i3,,()=9I2,,(p) through s. in the opposite direction will be

Vo) = {585+ 5 srmiar 88 -
and Vari(0) = Vors(8) = {3055 70 g 1) '
and the disturbance current-operators will be

L) = 10D = 3 s e | o
and O S N YO |
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Thus the transient currents (operational functions) in the phases after breaking
all the three poles are

Iatg(p) = Iah(?)"‘ﬂzu(?) f
Lot ,(9) = Lot (D) +15:,(P) (1.15)
and Le () = Let,(0) 10 ,(P) .

The operational functions for the terminal voltages across the capacitors after all
the three poles of the circuit breakers are opened will be obtained by superposition
of equations (1.4), (1.9) and (1.13), viz.

Va(p) = Vao(p) + Vaq(ﬁ)’*‘ Vatz(P) ’
Vo(p) = Vor,(p)+ Ve ,(9) (1.16)
and V(p) = Ve, (0) .

2. System with the Neutral of the Source grounded

Next, let us consider a system with the neutral of the source grounded through
a generalized impedance 2z,(p), which may consist of an inductance and resistance,
or directly grounded. The equivalent circuit of such a network is illustrated in Fig. 2,
assuming the transmission
line to be represented as a

T-type network having an
impedance z,(p) and capac-
ity to ground C,. Let the

impedances of the source
and the load be z,(p) and
2,(p) respectively, and the

Fig. 2. System with the neutral of the source grounded.

series capacitors C’s. are
assumed to be connected at the receiving end.
By applying a similar consideration as for the previous case, viz., for the system

with isolated neutral, the following relations are obtained.

Vaol ) = LI 109, 2.1)
Iio(p) = T p) = D 13(p) 2.2)

Lo(p) = I3() +136(B), }
Ico(ﬁ) = Igo(l"){’léo(ﬁ) »

Igcl(p) =9 HH--t)DPL(p)}, (2.4)

(2.3)
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Vbt (p) —_ 04(1’)5(17)10

6(?)6(17) bh(p) H

BT VB
Vatl(p) = 3(?)5(?) Igs,(l’) ’
’ _7'(1’) 0
Ty (8) = L5 10e(8) (2.6)
L (8) = Lo(p)+ T (9, 2.7)
I8,(p) = 9 {HA-5+ 1) D Lt ,($)} (2.8)
_ {1 28(p)
— _ {1 18 )
and Vari(8) = Ver(0) = {55~ 5 33} 198D,

where

a(p) = 3{z,(p)+22,(p)H{2:(p) +22,(pI}CC1p*+12{2,(p) + 2.(p) + 2,(p)}CP
+4{2,(p)+22,(p)}Cip+8,

B(B) = {2:(0)+ 22 )} 2. 5) + 22 PICop + 42 B) +2:(5) + 22D}
r(p) = 2L{zi(p) +22,(PICip+2],
0(p) =5 {a(p)+7(H)}

and e(p) = a(p)—7($)-

(2.10)

Thus, the operational functions for the terminal voltages across the capacitors
after all the three poles are opened will be obtained from equation (1.16).

The above operational functions can be transformed to their time functions by
applying the Laplace transformation (1{. 3). '

3. D.C. and Zero-Phase-Sequence Voltages

Let us consider the first term §%§ I2,,($) in equations (1.13) and (2.9).
Assumming ig,z(t>=®12,2(p) to be of the form

igtz(t) = S:J‘ Jn em@nCt i1t gin {oa(t—t+ 1)+ @u H(E -1+ 1), (3.1

n=0

where @,=0, w,= commercial angular frequency, and applying the Laplace trans-
formation (1.3) to this term, there results
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®3};p 20(8) = 5o S nr—alsin (ut )

—gTan(t =8+ gip {a),,(t Lit+t)+ @ntdu) JH(E— 1+ 1), [ (3.2)

1)
where tan ¢, = 67" .

n

10’/ Jn Sln (@nt Pn)

xH(t—1,+1,) gives a d.c. voltage at ¢>>¢,+¢,. This d.c. component orlglnates only

The first term on the r.h.s. of equation (3.2) ie. 31(3'
n=

after the last capacitor has been switched in.

Let us consider, next, the zero-phase-sequence voltage in order to study still more
this d.c. component.

The zero-phase-sequence component (operational function) will be

Vo(p) = Voo(ﬁ) + Von(ﬁ) + Votz(p) ’ (3- 3)
where
Vool = B2 135,
Vo (0) =B 13,05 (3.4)
and Vor, (p) = 3*@513;2(?) ,

and in which we put
’ a(p) =32(p)Cp+2,
B(p) =2(p) (3.5)
and e(p) =3=(p)Cp+1, [1(p)=1]

for the isolated system.

It remains to calculate the time functions v,,(#), v, (#) and v,,(¢). From (2.10)
and (3.5), there are
B(p)_ 1 {1 /(l’)}

a(p) a(p) - (3.6)
B _ 1 {1 7(p) '
and c(5) =3 )
Let
v
and oIy, |
and A(¢) and B(?#) be of the forms
A(D) = Ay 431 Apert } (3.8)

and B(t) = By + 3 By et
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Evidently putting p =0 in (3.7) we have A,,:—%— and B,=1, and for A(0)=0 and
B(0)=0 there are

S+ 34,=0 )
m r (3.9)
and 1+ 3B, =0.

Again, from (3.6) and (3.7), the following relations are obtained.

B(p) _ 2 T Aa "
@m 3c>..|’—(1_ep t)

8(p) (3.10)
Ph = ac S 1-etn. |

and

Let the initial currents I3(p), I%(») and I%(p) be of the forms
I%(p) = O 'sin (wt+0)H(2),

I9:(p) = H'sin (wt+0:t )H(t) .

and I%(p) = 'sin (wH—ﬂ:F )H(t)

Substituting the first of equation (3.11) in (1.6) or (2.2) and using (3.8),
HI5,(p) and oI 7o(p) are obtained. Again, from (3.11) and (1.7) or (2.3), L, (p)
and $I,(p) can be calculated, and hence I}, (») from (1.8) or (2.4).

Substituting this value of I3, (») in (1.10) or (2.6), and using (3.8), DI;,,(p) is
obtained and hence Ic,z(p) from (1.11) and (1.12) or (2.7) and (2.8). Thus all
the quantities of the r.h.s. of (3.4) are known and the time functions of the three
voltages can be calculated by using (3.10)

Let Zofz(t) be equal to DV, (p) minus the d.c. component and using (3.9), there is

Doo(E) +00t, () + 001, (1) =0 for >t +1,, (3.12)

where 0,0(£) =9 Voo(9), 0:(8) =PVor,(p) and v,,(1) =DV, (9.

This shows that after the last capacitor has been switched in, the zero-phase-
sequence voltage has only a d.c. component and does not have any oscillatory part.
So, hence vg,(#,+1,+0)=0 from (3.4), the magnitude of the d.c. component is equal
to that of the zero-phase-sequence voltage just before the last capacitor is switched in.

Therefore, the d.c. component originates with its magnitude equal to one third
the sum of the a- and b-phase terminal voltages just before the last capacitor is
switched in -

(From experiments, it seems that the charge developed by this component discharges

through the zero-phase-sequence circuit after some time.)
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'In the system with the neutral of the source grounded, it is evident from its
equivalent circuit that the neutral potential of the source does not float, but that of
the load floats with the zero-phase-sequence voltage.

4. Simultaneous Switching

When the initial currents are balanced and the three poles of the circuit breakers
are opened simulténeously, it is enough for us to consider only one phase.

Let the operational function of the steady phase current that would flow if the
pole were closed, be denoted by the symbol I°(p); i.e.

1°(p) = 971 J° sin (wt-+0H(E) . 4.1

The operational function for the terminal voltage across the capacitor that will be
generated by suddenly forcing $-'I°(p) in the opposite direction through the circuit

breaker will be

- 2(p) 0 ‘
V(p) _WI ., 4.2

for the non-grounded system, and

V(p) = g%mp) : 4.3

for the system with the grounded source.
In this case, it is generally difficult to find the value of f°, the phase-angle of switching,
which gives the highest voltage.

But, when the generated natural oscillations are only of low frequency and even
if high frequency oscillations of small amplitude are present, the following method of

solution will be useful.

Let
G(t) = @z( ;’552?, for the non-grounded system, \I'\ s
_ 5 B8(0) J '
=9 35 , for the grounded‘system.
Applying Duhamel’s theorem for (4.2) or (4.3), there results
o(t) =DV(p)
= Jo {G(O) sin (0i+6°)+ S' G/(t) sin (wm+0°)dr} (4.5)
[ .

At the maximum and minimum values of v, g%:o and gg::o. Then, from (4.5), one

of the necessary conditions satisfying the above equations will be

G'(H)sinf =0, (4.6)
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When G'($)=0; t=t, 0=nr (n=0, £1, ------ ) are the solutions and hence the maximum
and minimum values of »(#) will be calculated. Also when G(#)=0; ¢={, the
following consideration can be applied. In order to calculate the transients, it is
efxough for us to consider only the first few points given by G’(#)=0 for the low
frequency oscillation, the high frequency oscillation being neglected.

Substituting the resulting value £, in (4.5) yields a relation between v and §° for
every value of f,. The ultimate value of #° for which v takes its maximum crest
value can then be obtained analytically or graphically and this maximum value is
compared with that obtained when 6=nn, and whichever is highest can be retained.

5. Numerical Calculation

a) Non-grounded System
Consider a system with

L,=0101H, R, =0,
L,=0477H, R, =282,
L,=R,=0,

C = 35,6 uF,

1% = sin (wt-+8),

9 = sin (wt+6’:l:%n>

1% = sin (wt+ 0??) where © =377.

¢

b) System with the Neutral of the Source grounded
Assume that
L,=R,=0,
L, =0209H, R,=2082%,
L,=00297H, R,= 344,
C, =1.35 4F,
C =737 4F,

and also that the initial currents are the same as in the above example.
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Fig. 4. Magnitude of d.c. component (non-grounded system).
The ordinates are graduated the same as in Fig. 3. abscissa=#, in cps
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Fig. 5. System with the neutral of the source grounded.

The ordinates and the abscissae are graduated the same as in Fig. 3.
The superfix and the dotted lines have the same meaning as in Fig. 3.
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Fig. 6. Magnitude of d.c. component (system with the neutral of the source grounded).
The ordinates and the abscissae are graduated the same as in Fig. 4.

Conclusion

Transient terminal voltages across series capacitors resulting from non-simulta-
neous switching have been calculated by assuming a simplified equivalent circuit for
a power network. A numerical examples illustrating the generation of higher terminal
voltages than those in the case of simultaneous switching have been worked out and
it seems that these excessive voltages are partly due to a d.c. voltage which originates
after the three capacitors are switched in non-simultaneously. This d.c. voltage s
equal to the zero-phase-sequence voltage just before the last capacitor is switched in.
Also, the zero-phase-sequence voltage consists of only d.c. component after all the three
capacitors are switched in.

The method of the calculation of highest voltage due to simultaneous. switching
has been given in detail. But the procedure for calculating the highest voltage
resulting from non-éimultaneous switching is rather involved. However, it is believed
that the analysis presented here will be guiding for analogue computations since the
mechanism of the generation of abnormal voltages is evident in some measure. This
analysis will prove useful in the design of protective devices for series capacitors,



