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ANALYSIS OF SWITCHING SURGES GENERATED BY CURRENT INTERRUPTION IN AN ENERGY STORAGE COIL*

P. Chowdhuri
Los Alamos Natfonal Laboratory
Los Alamos, MM 87545

Abstract

The paper presents an analysis of the transient
voltages which are generated when the current in a
large magnetic energy storage coil is interrupted by a
dc  vacuun circuit breaker. The effect of the various
parameters in the circuit on the transient voltage is
discussed. The self 1inductance of the dump resistor
must be minimized to control the generated transient.
Contrary to general belief, a capacitor across the cofl
1s not an effective surge suppressor. In fact, the ca-
pacitor may excite oscillations of higher magnitude.
However, a capacitor, in addition to a surge
suppressor, may be used to modify the frequency compo-
nents of the transient voltage so that thes: frequency
components are not coincident with the naturul frequen-
cies of the cofl. Otherwise, resonant oscillations
inside the cofl may attain damaging magnitudes. The
capacitor would also reduce the steepness of the
wavefront of the transient across the cofl, thus
reducing the nonlinear voltage distribution inside the
coil.

Introduction

Insulation coordination for high power equipment
is essential to prevent insulation faflure in view of
the cost of outage not only of the affected equipment
but also of other associated equipment which may be
indirectly affected. Insulation coordination consists
of matching the insulation stren?th of an equipment
with the protective characteristics of the surge
arrester to obtain the optimal protective margin and
noninterference with the system operating conditions.
Insulation coordination {s achieved {n three steps:

1. Determine the transient volt.ge characteristics of
the equipment,

2. Determine tho severity of the anticipated transient
voltage surges, and

3. Provide cost effectiva but
protective measures.

reliable surge

A 30 M} superconducting magnetic energy storage
(SMES) coil will be installed in the Bonneville Power
Adminirtration (BPA) electrica)l power transmission
system to act as an alternate means of transmission
1ine stabil{zation.! Insulation coordination ¢f this
SMES cofl s of utmost {mportance.

Figure 1 shows the protective dump circuit of the
SMES system. The 30 MJ SMES coil, L, s charged by two
six-pulse converter bridges t"-ough a dc vacuum circuit
breaker. The ~urrvent throu¢h a superconducting coil {s
sometimes required to be interrupted, as in the case of
the cof) losing 1ts superconductivity. In such cases,
the dc circuit breake~ {3 opened, the current through
the coil {s hypassed through the dump resistor, R, and
the arc in the dc circuit breaker i3 interrupted by a
counterpulse circuit containing a precharged capacitor,
C. This process of current {nterruption by the dc
circuit breaker would produce a transient voltage
across the SMES cofl. The objective 18 to 1limit the
magnitude of such a transient voltage to a safe value,
30 that the SMES vcoil {3 not damaged.

YWork performed under auspices of the U.S. Departmant
of Energy.
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Schematic of the protertive cump circuit of
the 30 M) SMES system.

L = SMES coil, C, = capacitarce across SMES
coil, C»= counlerpu\se capacitor bank,
Ly = waveshaping {inductor for counterpulse
circuit, R = dump resistor, Ly = saif
{nductance o7 R.

Fig. 1.

The analysis of the transient vo1ta?e generated by
the opening of the dc vacuum circuit breaker s
discussed 1n this paper. Alternate methods of
protection of the SMES coil against transient
overvoltages are also discussed. The transient voltage
characteristics of the SMES coil are discussed in a
companion paper.?

Method of Analysis

The current through the SMES coil {s 1interrupted
in the following sequence. The converter voltage s
brought to zero, and the two series strings of
thyristors of Fig. 1 are fired before the dc circuit
breaker {s opened. The precharged capacitor, C, s
discharged through the arcing contacts of the dc
ci{rcuit break.r by firiny the thyristor in the capaci-
tor circuit. This produces a sinusoidal current, the
first half cycle of which i; in the opposite direction
to the fiow of the circuit breaker current. The arc
quenches when the f{nstantaneous magnituce of this
sfnusofdal current becomes equal to the arc current,
diverting the coil! current through C and R. The
resistance, R, 1s f{nstalled to discharge the stored
energy in the col) after the current through the dc

circuit breaker {3 {nterrupted. L, fs the self
inductance of the resistor R.
The transient voltage genvrated by this current

interruption process wil) have two comporents. The
first component is caused by the forced rero of current
through the dc circuit breaker, and the second compo-
nent by the res{dual voltage fn the capacitor bank, C.
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Transient Voltage Caused by Forced Current Zero

The magnitude of the sinusoidal currentt during the
discharge of the capacitor, C, is given by

Ic = Igo st wpt, (1)
where 1., =V Ty,
Vo= caSacitor precharge voltage, and
0, * I/Jt;t.
By design, I.. fs made greater than the SMES coll

current, I, , to 1n§3re current zero condition in the dc
circuit b%enker. 1f the arc is interrupted in 2 time
period to, then

Ip = I, sin wet,. (2)

The analysis of recovery voltage caused by switch
opening {s generally made by {njecting a current
through the open switch, which fs equal {in magnitude
but opgosite in direction to the current being inter-
rupted.3+* In thic case, the magnitude of the injected
current is

11 = ICO sin Uo (to + t) - IL' (3)

flowing in the same direction as the {nterrupted
current, and t is the time after current zero in the dc
circuit breaker. This 1s shown 1in Fig. 2. The
recovery voltage component across the SMES col’, caused
by current i{nterruption, is then found by mu\tiplying
the {njection current, 1,, by the {mpedance across the
points A and B in F1g. 1. This component of the
recovery voltage is given by

k!
Yy v VA [Il (B €OS woty = wy TN woty) x
ml
1,.3
(a + 8p) exp (Byt) x 2‘m{1/(am - 8o}, (4)
where A; = (LL,)/A
o= LL *LLz + Lle.
o = R/L,,
By = roots of a cubic equation with
coefficients 8,,81,487,83,
a, = R/(AxC),
ay = (L + Ly)/{AxC),
02 « R (L ¢+ Ll)/k. and
I3 -1,

Transient Voltage Caused by Capacitor Residv-) Voltage

The residual voltage, V 0 of the counterpulse ca-
pacito., C, at arc extinctioﬁ is found as follows,

to
Voo = Q. - | tdt/c
0 to
=V, = (1/0) [V /TTTY) sin wotdt
0

= Vo €os wgty. (5)

This voltage 1{s {impressed across the circuit of
Fig. 1 wnen the arc acruss the dc circuit breaker s
quenched. The ~oltage across the points A and B s
found by the equation,
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Fig. 2.
nents
cofl.

Relatfonship among various current compo-
during current {nterruption {n SMES

3
Vo = VoAp cos woty Lzlsm(a + Bp) exp (Bpt) x

1,.3
1 {1ey - 8] (6)
nem

The total voltage across the SMES coil is

V-V1+V2

3
= Vb (L (2 Bp COS woty = wy sin woty) X
ml 3

1,.
(a + 8y,) exp (But) x a’m

This computation fs valid when Cy = 0. For finite
values of Cy, the _omputation will be similar, except a
fifth order equation will be tntroduced.

Comutation

A numerical computer program was developsd to
solve equatfon 7. The voltage across the SMES coill,
expressed as per unft of the counterpulse capacitor
precharge voltage, {s computed at time {intervals
speci fied by the user, Figures 3 through 5 show some
of the examples of switching transient voltages across
the SMES coil under various assumed conditions.

Discusston

Assumptions

The transient voltage across the SMES coifl was
calculated from the instant the current arc scross the
dc circutt breaker 15 quenched. The circuit breaker
branch was assumed to be open thereafter. In practice,
the open circuit breaker will act as a small capacitor,
which will generate damped high frequency oscillations
with the saturated inductance of the series connected
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Fig. 3. Transient voltage across SMES coil caused by
current interruption by dc circuit breaker:
Effect of dump-resistor self 1inductance.
Ve=Sky, I = 4.9 kA, L = 2.€ H, Ly = 36 uH,
C = 60 yF, t =0, R=0.90. Seclid curve:
Ly = 20 uH; Uotted curve L, = 100 uH. Per
unit voltage = counterpuls: capacitor
precharge voltage, Veo
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Fig. 4. Transient voltage across SMES cofl caused by
current {interruption by dc circuit breaker:
Effect of precharge voltuge level of
counterpulse cupacitor, I = 4.9 kA,
L =2,6H, Ll = 36 uH, L, = 100 yH, C = 60 ufF,
Cy =0, R=0.90. Solid curve: V. v 5 kV,

DOtted curve: V. = 6 kV, Per unft vultage =
counterpulse anacitor precharge voltage, Ve!

saturable reactor.
about 14 MHz,

This frequency was calculated to be

The analysis of transient voltage acros. the SMES
cofl was performed with the assumption that the
counterpulse circuit was connected to the SMES cof)
directly. In the actua) {nstallation, the two will be
separated by buswork., The effect of the bus inductance
will be {nsignificant bhe-ause of the high value of
{nductance of the SMES coil. The capacitance of the
vus across the SMES cofl would generate high frequency
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Fig. 5. Transient voltage across SMES coil caused by
current interruption by dc circuit breaker:
Effect of capacitance across cofl. V. = 5kV,
I, =4.9KkA, L =2.6H, Ly~ 36uK, C'= 60 wF,
€y = 1 vF, R =10,9a. Solid curve:
Lp = 20 uH; Dotted curve: L, = 100 uH; Per
unit voltage = counterpulse capacitor
precharge voltage, V..
oscillations. Analysis showed that a 100 pF capaci-
tance across the SMES coil generated & 3 MHz oscilla-
tion.

In the analysis, the thyristor string in the
counterpulse circuit was replaced by a mechanical
switch which conducts current 1in both directions.
Although high frequency wscillations will be
transmitted through the RC snubber circuit across the
thyristor string, the low frequency oscillations will
be cut off when the thyrictor string shuts ovf near the
current zero. Computatfon of the thyr{stor current
showed that {t goes through zero at about the negative
peak of the voltage across the SMES cofl.

Parametric Effects

Several parameters were varied to determine their
effects on the transient voltage across the 3MES cofl.
Figure 3 shows the effect of the so1f {nductance, L,,
of the dump resistor R. Higher self {nductance osz
would fncrease both the positive and negative peaks of
the transient voltage. The transient voltage is very
sensitive to this parameter, Therefore, the dump
resistor should be designed with the Yeast possihle
sel f inductance.

igure 4 sliows the aeffect of
capacitor pracharge voltage level, V .

the counterpulse
The higher thie

voltage is, the higher would be the “pasitive peak of
the transient voltage acrots the SMLL cof), the
negative peak f \he transient voltage i< 1{nsensitive

to Vc. In F q. 4, the negative peak
higher than tiua® for V. = 6 kV, This
voltages arae exprossSd in per unit,
equal when converted to kilovolts.
roltage across the SMES cofl has two components as
already mentfoned. The first component s caused by
the forced zero of current through the dc circuft
bresker and th2 second componen. by the restdual
voitage {n the counterpulse capacitor bank, C. Tne
negative peak belongs to the first component, and the
positive peak to the second component.

tor v, = 5 kv is
13 Dhacause the
They are nearly

The transient



Figure 5 shows the effect of capacitance across
the SMES coil. A capacitance across the SMES cofl
would produce oscillations. These oscillations are
accentuated when the "elf inductance, Ly, of the dump
resistor, R, 1s higher. This also would produce a
higher peak voltage. The beneficial effect of C, 1s to
reduce the siope of the front but not the amplitude of
the positive peak as shown in Figs. 3 and 5. A steep
front of tne transient voltage could produce highly
nonuni form voltage division within the coil with the
possioility of turn to turn dielectric failure in the
coil. The capacitor C; may also be used to modify the
frequency components of the switching surge, so that
these frequencies are not cofncident with the mnatural
frequencies of the cofl; otherwise, {nternal
overvoltages would be developed by resonant oscilla-
tinnc

rect of External Transients

Lightning strokes and switching surges on the BPA
electrical transmission 1ines will generate traveling
voltage waves which wil) eventually penetrate into the
SMES coil. However, these voltage waves will be
significantly attenuated by the transformers, and the
surge arresters at the “-ansformers and converters.

When 11ghtning strikes the ground, electromagnetic
fields are produced 1n 1ts vicinity by the charge in
the leader stroke and by the current in the reétun
stroke of the Yightning. These electromagnetic fields
induce voltages across objects. Analysis of 1lightning
induced votlage in a coil will be complex; however,
because of its low voltage rating, a coil will be
susceptible to damage from such voltages, particularly
1f inst2)led outdoors and within a nonmetallic dewar.

Overvoltage Protection

The dump resistor will 1imit the voltage across
the SMES coil, 1n addition to absorbing the energy
stored i{n the coil. However, the self 1inductance of
the dump resistor, unless low, would defeat the purpose
of overvoltage protection,

A capacitor across the SMES cofl would reduce the
slope of the steep front of the transient. However,
the subsequent oscillations might actually overstress
the gieloctric system of the SMES cofl, as shown in
Fig. 5.

The 1industry practice of transient voltage
protection on rotating machines 1s generally to connect
4 surge arrester across the machine in addition to the
capacito~ across 1{t. The cap: ftor reduces the slope
of the voltage wavefront, and the arrester 1limits the
peak value. However, a surge arrester, consisting of
nonlinear resistors capable of dissfpating 30 MJ of
energy of the SMES cofl, would be impractical.

An alternate approach would be to connect a stack
of nonlinear resistors with low {nternal 1{nductance
across the dump resistor. The nonlinear resistors must
be designed {n such a way that most of the J0 M) stored
energy would be dissipated in the dump resistor. The

non) inear resistors would conduct only when the
transfent voltage exceeds a srecified level, for
instance 7.5 kv,

A ponsibilfty would sti1l exist of resonant

overvoltages fnternal to the SMES coil. If the applied
switching transient contains a frequency ccmponent
which coincides with one of the natural frequencies of
the cofl, the coil would osciilate at that frequency
with a peak voltage which could be many times that of
the apnlfed voltage.?

The peak voltn?e of the internal resonant oscilla-
tions cen be 1imited by installing properly designed
nonlinear resistors at a few strategic places within
the cofl, such as between each end and the 1/4, 1/2,
and 3/4 points along the winding, where the peaks of
the first two space harmonics would occur. For super-
conducting coils this may be {impractical because ~he
elements will not functfon in liquid helium, and a
number of leads would be required. In applications
where the trarsient f{s nerated within the system,
such as the switching transient {n the SMES system, the
frequency component of the transient ceén be modified by
installing a capacitor C, across the coil terminals, as
shown by the oscillogram of Fig. 5. Ouring internal
resonant oscillations, the peak voltage is 1imited by
the resistive elements within the cofl. For a super-
conducting coil, the oscillatory current may be
expelled from the superconductor to the surrounding
cryostabflizer. An alternate method of damping the
internal oscillations will then be to use the
cryostabilfzer as the damping medium, without
compromising 1ts stabilizing property. In this case,
the transient analysis of the cofl must %Se performed
even before the cryostabilizer {s designed.

Conclusions

Destructive transfents might be {mpressed across
cofls during switching operations. The switching
circuit must be designed with the objective of
minimizing such transfents. A significant parameter in
the switching circuit 1s the dump resictor, which
should be designed with the minimum possible self
{nductance.

A capacitor across the cofl terminals by itself is
not an ¢ffective protective device. A capacitor can be
used to mdify the frequency components of the
switching surge so that these do not coincide with the
natural frequencies of the coll. However, surge
protec.ive devices such as nonlinear rasistors should
be used, fn addition, to 'imit the voltage peaks. The
capazitor will also reduce the slope of the wavefrant
of the transient across the cofl, thus reducing the
nonlinear voltage distribution inside the coil.

The technique of insulation coordination should be
applied for relfable operation of the system.
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