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Abstract: An analytical formula of a transient recovery
voltage and its dv/dt across a circuit breaker has-been derived
for the case of a transformer secondary fault. A comparison
of the calculated results with field test and EMTP simulation
results has proved its satisfactory accuracy. Applying the
formula, the effect of various circuit parameters on the
transient recovery voltage and its dv/dt have been made clear.
The dv/dt, defined conventionally as the ratio of the crest
value and the time to the crest, is found to be about 2/3 of the
maximum value of the dv/dt given as a function of the time.
Also, a formula has been developed to give critical circuit
parameters by which the dv/dt across a vacumn circuit
breaker reaches the critical condition i.e. the circuit breaker
fails to interrupt a fault current.

Keywords: TRV, fault clearing overvoltage, VCB, measurement,
simulation, analytical formula

1. INTRODUCTION

A vacumn circuit breaker (VCB) has been widely used in a
utility power system, a factory and a large building, because
of its high capability of current interruption. On the
contrary, the VCB produces a high transient recovery voltage
(TRV) due to the current interruption. When a fauit current
at the secondary side of a transformer is interrupted by the
VCB at the primary side, it produces a severe dv/dt (rate of
voltage rise at the wavefront) across the VCB poles in a spot-
network power receiving facility 1, 2]. It is possible that
the VCB loses its current interruption capability due to the
severe dv/dt,

A field test is, in theory, the most accurate approach. i,
however, is not always possible to carry, and is time and
money consuming. Also, a field test result often involves an
error due 1o the measuring system, and its correction is, in
general, not straightforward. It was pointed out in reference
(3) that the measured frequency of a TRV was more than 30%
lower than the real value because of the capacitance of a CR
divider used to measure voltages. A numerical simulation
nowadays is a quite powerful and convenient approach to
investigate a power system phenomenon, because a very
sophisticated and generalized computer program, such as
EMTP, SPICE, MATLAB and etc, has been developed. The
numerical simulation, however, is not always efficient when
carrying a parametric analysis, and not accurate enough when
the parameters being not certain.  Also, it often makes a user
to lose a physical insight of the phenomenon.

The present papet develops an analytical formula of a TRV.
Calculated results by the formula are compared with a field
test of the TRV and a simulation result by the ATP-EMTP [4].
A parametric analysis of the TRV is carried out by the

formula in comparison with the EMTP simulation. The
formula is applied to find a critical condition of a VCB failure
of current interruption.

2. FIELD TEST AND EMTP SIMULATION

The detail of a field test and an EMTP simulation was
reported in the IPST ’97 as reference (3). The result is
summarized here.

4. Field test

Fig. 1 illustrates a field test circuit of a fault clearing
overvoltage due to current interruption by a VCB. A 3-
phase to ground fault is initiated at the secondary (low
voltage) side of a 22/6.6kV 3MVA transformer, and the fault
current is interrupted by a VCB at the primary (high voitage)
side of the transformer. Transient voltages to the earth on
phase “C” at the both terminals of the VCB are measured
through a CR devider.

Table 1 summarizes the test conditions and results.  Fig. 2
shows phase “C” transient voltage waveforms across the
VCB. (a) to (¢}, case No. 13 to 15, are the case that phase
“C” is the first phase to be interrupted, and (d}, case No. 16,
the case of the phase “B” being the first phase.

B. EMTP simulati

Fig. 3 illustrates a model circuit of the EMTP simulation
corresponding to the field test circuit in Fig. 1. The circuit
parameters are:

1) transformer  stray capacitance C_,=I128, C =134,
C,,=450, C =420, C,=15, C,’=4 [pF]

leakage inductance L =105.3, L ,=87.84 [mH]

resistance of windings r,=1.31, r =0.06 {Q}

magnetizing circuit resistance R_=159 [k€2]

2) CR devider capacitance C =500 [pF]

3) source inductance L =1.96 [mH]

4) source voltage E, case No. 13: E =17.96,

No. 14: E_=8.80, No. 15 and 16: £ =12.60 [kV]

Table 2 summarizes the simulation conditions and results
corresponding to Table 1. Transient voltage waveforms are
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Fig.1 Field fest circuit
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given in Fig. 4. It is observed in Table 2 that the calculated
result with the interrupted current J_ =2.0A agrees best with
the field test result for case No. 13. [_,=0 is not realistic
because a spike voltage just after =0 (current interruption) in
the field test result does not appear in the simulation result
with [ .=0. The interrupted current of the VCB was
informed to be 1.8 to 2.5A.

The above observation makes it clear that an EMTP
simulation gives a satisfactory result compared with a field
test result,

3. DERIVATION OF ANATYTICAL FORMULA

formulation of a TRV due to current interruption of a 3-phase
to ground fault at a transformer secondary side by a VCB.
Although a transformer is, in general, A-A connected in
medium and low voltage systems, the transformer in Fig. 5 is
made to be Y-Y connection with isolated neutral by applying
A-Y transformation. A 3-phase symmetrical AC voltage is
taken as a source in Fig. 5.

E, (1) = E,sin{wt +86)
E, (1) = E,sin(wr +8 ~ 21/3)
E_(t) = E sin(a¢ +0 - 47/3)

(L

The 3-phase fault currents are interrupted in the sequence

1. Model circuit of phase “C” and the phases “A” and “B”.
Fig. 5 illustrates a model circuit of an analytical B-Derivation of an analyticel formula
Table 1 Testconditions and results An equivalent circuit to Fig. 5, when the first phase being
interrupted at t=0 with i O=m i in Fi
Case[ phase | interruption | source recovery| fault TRV l?h } 0 ‘;hh“s peak (¢ hlﬁ)’ is shown in Fig. 6
No. : time | voltage | voltage ¢ [volge] freq. T avat (a). ¢ voltage of the remaining phases “A” and "B” are
ms} | kV) | &V) | (A} | &V} | (kHz} |(kV/s)
1’| c C 136 182 180 080 | 5090 [ 230 | 234 Table2 Simulation conditions and results
14 C C | 314 | 9= Q.11 545 234 | 230 | 108 interruption | recovery | load-side TRY
15 C C | 3081 134 132 797 203 | 230 | 135 case No. | phase | time | voltage | voliage | voltage | freq. | dv/dt
16| B | B | 08| 135 | 134 | 80 flco(A) wy| KV) | &V) | KV) | (kHz) | (kVis)
C 134 13.2 794 121 | 308 | 0.745 1300 C |390]| -186 31.2 483 | 233 225
source freq.=50Hz , CR devider on phase C 1310 C_|370) 186 310 482 | 233 | 224
20 — 13720 C [350] -186 321 493 | 232 | 235
0.2 0. 4 0.5 0.8 1.0 1410 | C [350] 913 | 157 | 241 | 232 | 135
|- , N ] R N N ' ' 15/1.0 C 360 -131 220 -0 [ 232 1.60
o ¢ ' 1610 | B |360] 131 | 216 | 336 | 313 | 214
) B time (ms) C |4381] 126 907 145 | 320 | 0546
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Fig.4 Simulation results of voltage waveforms agross VCB
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given by:
E,(r=0)=E,(t =0)=~E,/2 @

For an interesting time period is some 104s at most, the
voltage source in Fig. 6 (a) is assumed to be a dc voltage.
Thus, L, and C, in Fig. 6 (a) cause no effect on the transient.
Neglecting the resistance r, and considering the initial values,
an equivalent circuit with Laplace operator “s” is drawn as
Fig. 6 (b), where the following relation of the initial value is
given.

V,=V(t=0=E, 1, =1(t=0)=-1(=0}=1, ()
I, = interrupted current of the first phase

Considering the above, Fig. 6 (b) is further simplified as Fig.
6 (c), where the load-side voltage V(s) of the phase “C” VCB
is given by:

V.(s) = Eofs ~(3Eof2s+ L1, ) /(1 +5%/w ) @
where ®=2/3LC,, C,=C,+C,+2C,'+C, +C, (5)
Laplace inverse transform of (4) results in :
v (1) = — Eof2 +V, cos(wr — &) (6)
V, =(32WE +E?, ¢=tan”(-E,/E,} (D)
E,={4/9)2,1,,, Z, = 3L [2C.
The voltage across the phase “C” VCB is then given by:
vea(t) =3E, /2 -V, cos(w 7 - 9) (8)

where

The above formulation has neglected the damping
oscillation of transient voltages. The damping has been
found to come mostly from the resistance R, of the
transformer magnetizing circuit in Fig. 3 because it becomes
a part of a closed circuit in the load-side circuit after the
phase “C” VCB open circvited. When taking R, mto
account, an equivalent circuit to Fig. 5 is given as Fig. 7 in s-
domain. From the figure, V(s) is obtained and its Laplace
inverse transform gives the following time solution.

v.(1) = —Eo/f2
~{(30E0 + 21, /3C, Yin(Bt) + (30 Eo 2)sinfpr + o) exp(-ar)/p
&)

where
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Fig. 5 A model circuit of an analytical formulation

v= tan"(,jm," -a /a) , a=1/3RC., B-yu, -o

Applying the following approximation:

B=+2/3LC. ~1/4RC} = 23LC, =0,

10
cp=tan"(w,/a)=tan"(\/ng/Za)zn:/z 4o
(9) is simplified as:
v (t)=-Fof2- {Vacos(m,t - ¢) - (ZGE,,/RM )sin(w,r )} (1)

‘exp(-ar)

The voltage across the phase “C” VCB is given in the
following equation.

ves (6) = ~15E, = {V,cos{o,t -0}~ (2,E, /R Jsin(wo )} 12)
-exp(-at)

It should be clear that the above equation becomes the same
as (6) with R, reaching infinite. '
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Fig. 7 An equivalent circuit to Fig, 5 considering Rm
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In the same manner as the above, the remaining phase
voltage, when it is interrupted, are derived. For example,

the phase “a” voltage at the load-side is given by:

1

v (1) = %(Ew +E,)- [E(E” -E, ){cos(mzt’)—az/wzsin(mzt’)}

I
+—¢—sinlw, ') [exp(-a,t’
(DQC:: Sln( : )] p( : )
(13)
where a,=12C,R,, C,=C, +C,+C, +2C/,

=JYLC, ~a}t, t'=t-T,

T,:time when phase "A” interrupted
E,, = E sin(0T, +8), E,, = E sin(w], + 0 - 2x/3)

- ivtical f la.of dvids and . !
Rate of rise (dv/dr) of the VCB voltage is given by

replacing E, with E (1) of {1).

1) Neglecting R,

dvey(t)/dt = (3wEo/2)cos(w t +8)+w Vsin(we—¢)  (14)

2) Considering R,
dvey(t)/dt = (3uEo/2)cos{w ¢ +8)+ o, +aPexp(~ (15)
-{Vsm(m r-—¢+cp,)+Z /R, coswt—q)z)}
where @, = tan"(a/w,), @, = tan”'(-a/w,) = -

Applying the following approximation:

w +a’ ww, ¢, =—g, =0 (16)
(15) is simplified as:
dvey (2)/dt = (3Eo/2)cos{w s +8) an

+ {m,Vﬂsin(m g = ¢) + 3oLEocos(m,r )}exp(— ou)

The maximum voltage of vg(t) and dveg(t)/dt, and the
natural resonance frequency are given by:
1) Neglecting R,

Vegmas ™ 13EG +V, at ¢ =t, =(:c+¢)/m,

18
dvg, ()dl| =y, at 1=t =(n/2+¢)/w, (1s)
f, =T, =1/nf6LC, (18%)
2) Considering R,

Vepmar = 1550+ (V,, +15Z E E /RV, )exp{— (n: + ¢)/2R Z }
do, (/] ,, =l V, ~90E,E (20, exp{-(n/2+ 0)/2R,2, |
(19)

Conventionally dveg/dt is defined using the maximum
value Vg, and time 10 Vg o

d%t = IVC'B max |/(£'ﬁdx —fa ) = |VCBmax V(sz) (20)

where  T=1/f;: oscillating period
It should be noticed that the above definition differs from
dveg/di),... in (18) and (19), i.e. (20) is an averaged rate of rise

per half the period of the oscillating waveform and is smaller
than those in (18) and (19).

D._Calculated results

Test cases in Table 1 are calculated using the formulas in
the previous sections. It should be npted that the
transformer in the field test was delta-delta connected as in
Fig. 1, while the transformer was assumed star-star connected
in the derivation of the analytical formula. Thus, the values
of the leakage inductance L, and the resistance R, is
transformed from the delta to the star winding in the
evaluation. Calculated results are summarized in Table 3.
Also, transient voltage waveforms across the VCB by the
proposed formula are shown in Fig. 8.

A comparison of Table 3 with Tables 1 and 2 shows that
the analytical result of the oscillating frequency agrees quite
well with the field test and EMTP simulation results. The
analytical results of the maximum voltage and the transient
waveforms agree satisfactorily with the EMTP simulation
results. The maximum error of the proposed formula
compared with the EMTP simulation is observed to be 12%
for vepmae Also, waveforms in Fig. 8 agree well.  From the
observation, the proposed analytical formula is said to be
reasonably accurate. If a transient voltage waveform is not
concerned, the formula neglecting R, i.e. (8), (14) and (18)
are good enough as observed in Table 3.

4. APPLICATION OF THE PROPOSED FORMULA

R frise of . ! 2 VCB

The rate of rise of a transient voltage across a VCB is
conventionally defined as in (20). It is clear that the
definition gives an averaged rate of rise which is lower than
the rate of rise given by (18) and (19). Table 4 shows the
rate of rise as a function of time evaluated by (18). It is
observed that dveg/dt becomes maximum at f=6.835 U s
corresponding to ¢, in (18) and minimum at t=17.61s
corresponding to the time ¢, at which vz becomes maximum.
The wvariation of dveg/dt as a function of time may be
significant to a detailed investigation of current interruption
capability of a VCB in conjunction with time variation of its
dielectric strength. In such the case, the analytical formula
is expected to be very useful.

B. Effect of circuit condi

1) Interrupted current I,

It is evident in (7) that a contribution of interrupted current
I, to a transient voltage is given by E\=(4/9)Z J,. Table 5
shows variation of v and dvg/dt as a function of I, Tt is
clear from the table that the maximum voltage and rate of rise
increase as the interrupted current increases via the increase
of E,.

2) capacitance C,

(18) indicates that vy, increases as Z, increases and,
dvcgidil,,, increases as w, Z,=1/C.increases, This is clearly
observed from a comparison of cases No.15 and 16 in Table 3.
The both cases are in the same conditions except C =1071pF
in case No.13 while C =571pF in case No.16. Effectiveness
of a surge capacitor or a CR surge suppressor is evident from
the above.
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‘Table3 Analytical results by the proposed formula

Caxe |phase | B | Lo | B | B | W | Z | A | T | Vo | ime | dvyiitly, | time dvidt
&) | @& & | &) | @ | ) | (ug) | KY) | (us | &Vius | (u9) | KViig
13 [ 180 20 NO 569 283 | 604 | 232 431 552 194 412 867 256
YES | 5469 283 6404 | 232 431 359 194 403 8.67 259
14 C 88 10 NO 285 139 6404 | 232 431 | 271 194 2.02 8.63 126
YES | 28 139 | 644 | 232 431 274 194 198 8.63 127
15 C 126 1.0 NO 285 124 6404 | 232 43.1 383 200 283 9.25 178
) YES 285 194 644 | 232 431 386 200 278 925 179
16 B 126 1.0 NGO 350 198 | 8770 | 318 314 387 142 395 636 246
YES | 390 198 [ 870 | 318 314 393 142 383 6.36 230
3) Inductance L,
The oscillating frequency f, decreases and the surge o
impedance Z, increases as the inductance L, increases in (18).
The increase of Z, results in an increase of Vegpae  @Ven/dt| o 4
decreases because the decrease of f, is relatively greater than F
the increase of Z,. 18 -
4) Resistance R, <
A comparison of (8) and (12) shows clearly that the = 0
resistance R, damps an oscillating voltage by the term of @
exp(- @ t). If only the first few cycle of the oscillation 3T ud
concerns, R, causes no effect because of very small “t”. ‘
Therefore, R, can be neglected to evaluate the maximum ] — amlytical
voltage and rate of rise. It is very difficult to measure the - - EMTP
valjue of R,. In this paper, it is determined from the - T e 4« as. s i
measured waveform of an oscillating voltage. In general, R, time (ms)
can be taken as some 10k Q. (2) Phase C—first interrupted phase
C. Effect of CR divider "
It has been known that a measuring system affects a
measured result especially in a transient overvoltage. In the
field test explained in Sec. 2. A, the transient voltage was 1 -
measured by a CR divider as a common practice, and it was
found that the measured voltage and its rate of rise were g o
significantly different from those with no CR divider [4, 5} 8
This will be investigated by applying the proposed formula. -';:-

Table 6 shows the effect of a CR divider evaluated by the
proposed formula. It is obvious that the CR divider reduces
Ve bY 110 2 kV (1 to 7%) and the oscillating frequency f; by
8.5kHz (37%). The rate of rise of v¢g is decreased by 35 to
45% depending mainly on the decrease of fi, which is
analytically defined by:

k=Jc,/c, +C.) (21)

In the field test, C,=500pF and C=571pF give the above
value as k=0.683. The value explains the decrease of f; in
Table 6 and the difference of f, in cases No.13 to 15 and case
No. 16 where no CR divider was installed in phase B.

D._Characteristic of current interruption overvoltage
1) Voltage across a VCB and its rate of rise

If the condition £ >> E;* is satisfied, V, in (7) is
simplified using the approximation V1+x =1+2/2 for 1 >>
X,

v, =15E,(1+8m/81), m=(Z,1,,/E,} (22)

time {ms)

1

(b} Phase B— second interrupted phase

Fig. 8 Analytical results of voltage waveforms across VCRB for case No.13

Tabled Rate of rise as a function of time by (18) for case No. k4 (/,=2A)

time (£5) 1

2 3 |6.835

8

10

12 ] 15

17.61

dvegidt (KV/ iLs) || 1.484

1.746|2.210|2.292

2259

2052)1.67210.203

0

Table5 Effect fo interrupted curment lco for case No.14

1y 0 1 2 ] 3] 5
E V) 0 ] 2846 | 5692 [ 8538 | 1423
v (kV) 132 | 1387 | 15.72 1839 { 25.10
Vo (KV) 264 | 27.07 | 2892 | 31.59 [ 2830
gt (KV/ 9 || 1925 [ 2022 [ 2292 [ 2681 [ 3715
dvid (kVis) || 1225 | 1256 [ 1342 | 1466 | 1778
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In the field test in Sec. 2. A, the condition E,2 >> E* is
satisfied as is clear from Table 3, and the parameters in (22)
are in the following range.

Z,=6109kQ], I,=2t01[A],E=91018[kV]

Then the value of m ranges in the following region.

m=0.25102 (23)
Rewriting (18) and (20) by using m,

Vegmer = 3E,(1+4m/81) = 3£ _(1+0.05m)

dvey fee|_ = (32),E, (1+8m/81) = (3/2)00,E, (1+ 01m) (24)
dv/dt =(6E, /T, {1+ 4m/81)= (3n)w,E, (1+0.05m)

The following observations are made from (24)
considering (23).

a) The maximum voltage (vep..,) across a VCB is about 3
times of the initial steady-state voltage E, at the VCB
terminal. A contribution of a transient component E, given
by the product of the interrupted current [, and the apparent
surge impedance Z, is 10% of E; at most, i.e. an influence of
the circuit parameters is less than 10%.

b) An average rate of rise of vy is given approximately by
1.5w,E,, and a contribution of the transient component E, is
less than 10%.

¢) The maximum rate of rise (dveg/dt|,.,} is more than 1.5
times of dv/dt, and a contribution of the transient component
reaches 20% at most. It should be noticed that the second

term of the rate rise in (24) is affected mainly by 1/C..

2) Critical condition of dv/dt

A VCB becomes not able to interrupt a fault current when
dv/dt exceeds a certain value g, If circuit parameters
corresponding to dv/dt < g, can be found, it is very useful to
an installation and design of a VCB. The critical condition
is derived from (24).

(B/Jc)cu,Eﬂ(l +4m/81) < g,

Considering that 1+4m/81<1.1, let’s approximate 1+d4m/81=
1.1. Then,

w, < 1g, [33E,

Substitution of L, and C_into @,
Lc. >074E, /z.) (25)

The above equation is rewritten by:

C.»074(E, /g, F /L, L >074(E,/g,} /C.

or E <117g,4/L,C.

From the above equation, the critical condition, C, for
example, is estimated by given parameters £, L, and g,.

In the field test, the following parameters are known.
8,=2.8kV/1ts, L,=2928mH, C =1071pF for c:vs No. 13 to
15. Under the above condition, the critical source voltage F,
that the VCB being able to interrupt a fault current is given
from the third equation of (26) by: E <18.3kV

In fact, the VCB failed to interrupt a fault current when the
source voltage exceeded 18kV due to restriking in the field

(26)

Table & Effect of CR divider

Case| I, |CRdivider] Vo, it 5
No. | A} kV) (KV/iis) (kHz)
B[ 15 YES 54,64 25% 232
NO 5528 3514 38

K| 20 YES 2892 1342 232
NO 3083 1.960 s
15| 15 YES 3886 1.787 232
NO 3974 2526 318

test. This might be a typical example to prove a usefulness
of (26).

5. CONCLUSIONS

The paper has derived an analytical formula of a transient
recovery voltage and its rate of rise across a vacumn circuit
breaker (VCB) when the VCB interrupts a fault current due to
a three-phase to ground fault at a transformer secondary side .
Results evaluated by the formula are compared with those of
a field test and EMTP simulation, and its accuracy has been
confirmed to be reasonable.

Applying the proposed analytical formula, a characteristic
of a transient voltage due to current interruption is
investigated and the following remarks have been obtained.

1) The conventional definition of dv/dt is an averaged value
of a time function dv(¢)/dt, and is about 2/3 of the maximum
value of the time function.

2) A capacitance C, of a CR divider to measure the transient
voltage reduces the maximum voltage by 1 to 7%, and the
oscillating frequency by more than 33%. dv/dt is
decreased by 35 1o 45% depending mainly on the decrease
of the oscillating frequency given by VC(C,+C,) where C,
the transformer capacitance.,

3) The maximum voltage across a VCB is about 3 times of
the initial steady-state voltage at the VCB terminal and a
contribution of the circuit parameters to the maximum
voltage is less than 10%.

4yA critical condition by which a VCB fails current
interruption has been analytically derived. The formula
can determine a critical circuit condition such as a total
capacitance of the circuit and a source voltage.

The analytical formula developed in the paper is expected
to be very useful to an installation and design of a VCB.
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