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ANALYSIS OF SWITCHING SURGES GENERATED BY CURRENT INTERRUPTION IN AN ENERG’/ STORAGE COIL*

P. Choudhurf
Los Alamos Nttfonal Labor-tory

Los Alams, W 87545

Abstract——

The paper presents an analysls of ttw transient
voltages which ●re generated when the current In a
large magnetic energy storage COI1 Is Interrupted by a
dc v&cuum clrcult breaker. The effect of the various
parameters I!Ithe cfrcuft on the transient volt8ge Is
discussed. The self Inductance of the d- resistor
must be minfmlzed to control the gmemted transient.
Contmry to general belief, i capacitor across the cofl
is not an effectfve surge suppressor. In fact, the ca-
pacitor may excite oscillations of higher magnitude.
However, a capacitor, In &ddftfon to a surge
suppressor, may be used to modify the frequency compo-
nents of the transfent voltage so that thesd frequency
components are not coincident wfth the natur~l frequen-
cies of the coil. Othemfse, resonant oscillations
Insfde the coil MY attain damaging magnitudes. The
capacitor would also reduce the steepness of the
wavefront of the transient across the cofl, thus
reducing the nonlinear voltage dlstributton lnslde the
coil.

Introduction

Inzul@tfon coordination for high power equfpmnt
is ●ssential to prevent Insulation failure In vtew of
the cost of outage not only of the affected equipment
but also of other associated ●qufpment which may be
indirectly affected. Insulation coordination consists
of matching the insulation stren th of an equfpnmnt
With !the protective character stfcs of the surge
arrester to obtain the optimal protective margin and
noninterference with the system operating conditions.
Insulationcoordination IS achieved fn three steps:

1. Determine the transient voltcge characteristics of
the equipment,

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

3, Provide cost ●ffectivfi but relfable surge
protuctfve maasu~*9.

A 30 W superconducting magnetic energy storage
(SIWS) coil will be installed fn the Bonneville pwer
Administration (BPA) electrical power transmission
system to act as ●n alternate means of transxdssfon
line stabflfzatfon.l Insulation coordination of thfs
SMES coil is of utmost importance.

Ffgure 1 shows the protective dump clrcuft of the
SMES s stem,

!
The 30MJ SMES cofl, L, !s charged by two

six-pu se convertrr bridges *k,wugh a dc vacuum clrcuft
breaker. The ctirrentthrough a superconducting cofl Is
sometimes raqulred to be interrupted, as in the case of
the cofl lostng lts superconductivity. In such cases,
the dc cfrcuft breake? is opened, the currnnt through
the cotl fs bypassed throu~h the dump msfstor, R, and
the arc fn the dc c~rcult breaker 1s interrupted by a
counterpulse clrcuft containing a precharged capacitor,
c. Thfs procecs of current interruption by the dc
circuit b~eaker would produce a transient voltage
across tho Sf4ES coil, The objective fs to lfnit the
magnftude of such a transtent voltage to a Safe value,
so that the SMES COII fs not damaged.

%%h—pe>~~d_in~spfces of the U.S. Department
of EMrgy.

Fig. 1. Schematic of the protective dump clrcutt of
the 30 !U SMES system.
L ■ SMES coil, C ■ capacitac:e across SMES
Coil, {C - coun erpulse capacitov bank,
L ■ waveshaping inductor for
1

counterpulse
c rcult, R . dump resistor, L2 ■ self
inductance 07 R.

The analysis of the transient volts e generated by
!the opening of the dc vacuum clrcu t breaker Is

dfscussed in thfs paper. Alternate methods of
protection of the SHES COI1 against transient
overvoltage are also dfscussed. The transient voltage
characteristics of the SMES coil are discussed in a
companton paper.z

Method of Analysts

The current through the SMES coil Is interrupted
In the followfng sequence. The converter voltage is
brou ht to zero,

?
and the two serfes strings of

thyr stors of Ffg. 1 are fired before the dc cfrcult
breaker fs opened. The precharged capacitor, C, Is
discharged through the arcing contacts of the dc
ctrcuft break.m by ftrln~ the thyrfstor in the capaci-
tor circuit. This protuces a sinusoidal current, the
first half cycle ofuhtch i; fn the opposfte dfrection
to the flow of the clrcult breaker current. The arc
quenches when the Instantaneous magnftude of this
sinusoidal current becoms equal to the arc current,
dlvertfng the COI1 current through C and R. The
resfttance, R, fs installed to discharge the stored
energy In th~ COI1 after the current through the dc
clrcuft breaker 1s interrupted. L2 fs the self
Inductance of the raslstor R.

The transfent volts
?’

genurated by thi$ current
Interruption process w 11 have two compormts. The
first cmponent Is caused by the forced zero of current
through the dc cfrcuit breaker, and the iecond compo-
nent by the restdual voltage fn the capacftor bank, C.

1
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‘ Transient Voltage Cwsed by Forced Current Zero

The magnitude of the sinusoidal current during the
dfscharge o~thecapacltor, C, Is given by

Ic . Ico$fn~ot,

where Ico =V ~,
Vc = calacltor prechwe voltage, and
blo = w’q.

By design, I o Is made greater than the
tcurrent, I , to fn ure current zero condftlon

cfrcult b$eaker. If the arc Is Interrupted
period to, then

IL = ICo sln woto.

(1)

SmEs Coil
fn the dc
in a time

(2)

The analysfs of recovery voltage caused by swftch
opening Is generally made by lnjectdng a current
throuah the oDen switch, which fs equal in magnitude
but 6P osite” In dlrectlon to the current

!rupted. ‘k In this case, the magn?tude of
current Is

II = Ico SfnWo (to+ t) - IL,

being”fnter-
the Injected

[3)

flowing in the same directfon as the interrupted
current, and t {s the tfme after current zero in the dc
clrcult breaker. This Is shown In Fig. 2. The
recovery voltage component across the SMES cot’, caused
by current InterruptIon, Is then found by Mu\*lplYlng
the Injection current, I , by the impedance across the
points A and B In F!g. 1. This component of the
recovery voltage is gfven by

3
Y1 ● VCA1[~ (SmCOS uoto - IQosin woto) x

m=1

(a+ f!m) exp (f3mt)X1~~~{l/(8m- 13n)}l, (4)

where Al =
), .

al”

6m “

a. “
al ■

a2 =
a3 =

(LL,)/A
LL ‘+LL2 + L1L2,
R/i

f’roo s of a cubic equation
coefficients ao,al,82,a3,
R/(A X C),
(L +L2)/(Ax C),
R (L + L1)/A, and
1.

with

Transient V~~e Caused by Capacitor Resfdu”,lVolta~

The residual voltage, V o, of the counterpulse ca-
pmcito,, C, at arc extinction is found as follows.

vco ■ (+ - ~idt/C
o

=vc - (1/C) ?“vc(~l) sin ~otdt
o

WVc Cos UOto. (5)

This voltage ts impressed across the circuit of
Fig. 1 wnen the arc across the dc circuit broakw is
quenched. The volttge across the points A and B is
found by thg equation,

Fig.
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various current compo-
interruption in SMES

+ Bm) exP (Bmt) x

= VCA1 [1 (2 6mcoswoto -u. sinwoto
ml

1 ““3{1/(Bm-Bn)](a+ Bm) exp (flint)X ~,m

(6)

The tot81 voltnge across the SMES coil is

x

. (7)

This computation is valid when Cl = O. For finite
values of Cl, the computation will be sfmflar, excePt a
fifth order equat~on will be introduced.

~>utation

A numerical computer program was developed to
solve equation 7. The voltage across the SMES coil,
●xpressed as per untt of the counterpulse capacitor
precharge voltage, 1s computed at time tntervals
specified by the user, Figures 3 throuqh 5 SIJOW some
of the @xamples of switching transient voltages across
the SPIEScoil under various assumed conditions.

Discussion

Assumptions—

Th@ transient voltage across the SMLS coil was
calculated from the instant the current arc across the
dc circuit breakar is quenched. The circuit breaker
branch was assumed to b? open thereafter. In practfce,
th~ optn circuit breaker wfll act as a small capacitor,
which will generate damped high frequency oscillations
with the saturated inductance of the series connect@J
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Fig. 3. Transient voltage across SMES coil caused by
current lnterruDtlon by dc clrcult breaker:
Effect of dump-res~stor self Inductance.
Vc=5kV, I=4.9kA, L=2.6 II,L=36MH,
C ■ 60 vF, k =0, R= O.9n. So~ld curve:
L2 = 20 IIH; ~otted curve L2=lf~OVH. Per
unit volta9e ■ countercmls’i caDacltor
precharge vol~age, Vc. “
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Fig. 4. Transient voltage across SMES cofl caused by
current interruption by dc cfrcuft breaker:
Effect of precharge voltage level of
counterpulse cupacitor. !L ● 4.9 kA,
L=2.6H, L1=361JH, L ■100UH, C=6OIJF,
C.(), R ● 0.9 n, ?So id curve: Vc * 5 kV,
D~tted curve: V ■ 6 kV, Per unft vultage ●

counterpulse ca$acttor precharge voltage, Vc.

saturable reactw. This frequency WIIScalculated to he
about 14 MHz.

Th? analysts of transtent voltage acres. the SMES
Cofl was performed wtth the assumption that the
counterpulse clrcutt was connected to the SMES cofl
dfroctly. In the actual Installation, the two wII1 be
separated by buswork. The effect of the bus Inductance
wfll be lnsfgnlftcant he~ause of the hfgh value of
{nductance of the SMES COII. The ctpacttance of the
ous across the SMES cotl would generate hfgh frequency

I
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Fig. 5. Trans$ent voltage across SMES coil caused by
current Interruption by dc ctrcult breaker-:
Effect of capacitance across cot!. Vc = 5 kV,
I, = 4.9kA. L = 2.6 H. L. ~ 36 uH. C = 60 uF.
Ci-luF,” R=O.9n.’ Soi1d curve;
L2 = 20 uH; Dotted curve: L = 100 IJH;Per
untt voltage = fcounterpu se capacitor
precharge voltage, Vc.

oscillations. Analysfs snowed thfita 100 pF capaci-
tance across the SMES coil generated a 3 MHz oscllla-
tfon.

In the analysis, the thyristor string In the
counterpulse cfrcult was replaced by a mechanical
switch whfch conducts current In both directions.
Although high frequency usctllatlons will be
transmitted through the RC snubber clrcutt across the
thyristor string, the low frequency oscillations wtll
be cut off when the thyrtstor string shuts off near the
current zero. Computation of the thyr{stor current
showed that It goes through zero at about the negative
peak of the voltage across the SPIEScotl.

Parametric Effects

Several pariuntterswere varied to deterrdne their
effects on the transient voltage across the WS COI1.
Ftgure 3 shows the effect of the self Inductance, L
of the dump resfstor R. Higher self inductance of%
would Incrmse both the posttlve and negative peaks of
the transient voltage. The transfent voltage fs very
sen$fttve to this perwnetev. Therefore, the dump
rosfstor should be des?gned wtth the leest poss141e
self Inductance.

Ffgure 4 shows the Qffect of the cnunt(~rpule,e
capacftor prochar e voltage level, Vc.

f
Thv hfqhor thf~

voltage fs, thu h ghcr would IN’the pnsftivv petlk uf
the transtent voltage across the SM[’, cuil

1< insen~ftti~negattwe peak tf ~he tran~fent voltage
to Vc. In F q. 4, the neg$tlve peak for VC ■ 5 kV is
hfgher than ti,~!for V CJ6 kY. This 1S bocnuse the
voltages ara express&1 inperunlt. They cpe nearly
eaual when converted to kilovolts. The transtent
‘}oltae across th~ SMES cotl has two component as
alrea& ~ntfoned. The ffrst cumponent ts caused by
the forced zero of current through the dc cfrcuft
bretkar and tha second componen; by the resfdual
volts e tn the counterpulse capacitor bank, C.

!
Tne

negat ve peak belongs to the f~rst component, and the
posfttve peak to the second component.

3
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FI re S shows the effect of capacitance across
the S#coll. A cmacitance across the SMES coil
add prdsm oscillations. These osclllntions are
accentuated when the ?elf inductance, 12, of the dmp
resfstor, R, Is hfgner. This tlso would produce a
hfgher peak voltage. The beneficial effect of C is to
reduco the slope of the front but not the awll~ude of
the posltlvo rmk as shown In Figs. 3 and 5. A steep
front of the transient voltage could produce highly
nonuniform voltage dlvlsfon wfthln the coil with the
posslbllfty of turn to turn dielectric faflure in the
coil. The capacitor Cl MY also be used to modfti the
~uency components of the switching surge, so that
these frequencies we not coincident with the ~latural
fraquencfes of the coil; othewfse, internal
overroltages would be developed by resonant oscilla-
*fnnq

rect of External Transients

Lfghtnfng strokes and swltchfng surges on the BPA
electrical transmission lfnes wfll generate travelfng
voltage waves which w1l; eventually penetrate into the
SMES cofl. However, these voltage waves will be
significantly attenuated by the transformers, and the
surge arrwters at the ‘-+nsfo-rs and converters.

Nhen llghtning strikes the qround, ●lectromagnetic
fields ar@ produced in its vicinity by the charge in
the leader stroke and by the current in the ret.,n
stroke of the lightning. These electromagnetic fields
induce voltages across objects. Analysis of lightning
Induc@d votlage In a coil will be complex; howaver,
because of its low voltage rating, a coil wtll be
susceptible to damage from such voltages, particularly
If Insttlled outdoors and within 8 nonmetallic dewar.

Overvoltage Protection

l“hedump r~slstor wfll limit the voltage across
the SMES cofl, In addition to absorbing the energy
stored in the coil. However, the self inductance of
the dump resfstor, unless low, would defeat the purpose
of overvoltage protection.

A capacitor across the SMES coil would reduce the
slope of the steep front of the transient. I%wever,
the subsequent oscillations mfght actually overstrnss
the dielectric system of the SMES coil, as shown fn
Fig, 5.

The tndustry practtce of transient voltage
protection on rotating machfnes Is generally to connect
a sur e arrester across the machine In add!tion to the

fcapac to- across It. The cap ftor reduces the slope
of tho voltage wavefront, and the arrester llmfts the
peak value. However, a curse arrester, consisting of
nonlfnear resfstors. capable of dfsstpatfng 30 W of
energy of the SMIS cofl, would be impractfc~l.

An alternate approach would be to connect t stack
of nonlfnear resistors wfth low !nternal Inductance
across the dumo resistor. The nonl~netr nslstors must
be designed in such a way thct mst of the 30 W stored
●ncrgy would be dissipated In the dump r’esfstor. The
nonl(near msf$tors would conduct only when the
trafisfent voltage ●xceeJs a s~eclfied level, for
Instance 7.5 kV.

A postfbllfty would stfll ●xfst of resonant
overvoltage lnternil to the SNES COI1. If the applfed
suftchtng transf~nt contafns a frequency component
which cofncttis wfth one of the natural frequencl~s of
the cofl, the c~fl would osctllate ●t that frequency
with a peak voltage which could be many t{ms that of
the ap?lled voltage,~

The peak volts~ of the Internal resonant oscilla-
tions ccn be llm ted by lnstellfng properly designed
nonlinear rtslstms at a few strategic places wlthfn
the CO1l, such as between each and and the 1/4, 1/2,
●nd 3/4 pofnts along the wlndlng, where the peaks of
the first two space hamonics would occur. For super-
conducting CO1lS this w be Impractical because ‘he
●lemnts will not tinctfon In llquid hellum, and a
ntir of leads would be required. In applications
where the trafislent 1s

r
nerated within the system,

such as the swftchlng trans ●nt In the SMES system, the
frequency cmnent of the transient ccn bemodi fled by
installing a capacitor Cl across the COI1 temlnals, as
shown by the osclllogram of Fig. 5. During fnternal
resonant oscfllattons, the peak voltage fs limited by
the resfstlve elements wlthfn the coil. For a super-
conducting coil, tha oscillatory current may be
expelled fr%n the superconductor to the surrounding
cryostabflfzer. An altarnate method of dampfng the
Internal oscillations Will then be to use the
cryostabflfzer as the daqfng wdfum, without
compromising fts stabflfzfng preperty. In thfs case,
the transient analysis of the cofl must se performed
even before the cryostabflfzer fs designed.

Conclusions

Destructive transients mfqht b~ fmpressed across
COIIS durfng swftching operations. The switchfng
circuft must be desfgned wfth the objectfve of
minimizing such transients. A sfgnfflcant parameter fn
the switchfng ctrcuft fs the dump resfstor, whfch
should be designed wfth the minimum possible self
Inductance.

A capacftor across the coil terminals by Itself is
not an effectfve protective devfce. A capacftor can be
used to nnctffy the frequency components of the
swltchfng surge so that these do not cofncide wfth the
natural frequencies of the COI1. H@wer, surge
protective devfces such as nonltnear resfstors should
be used, fn aflditfon,to !~mft the voltage peaks. The
capacftor wI1l also reduce the slope of tlw wavefrrmt
of the transfent across the COI1, thus reduc~ng the
nonlfnear voltage distribution fnsfde the cofl.

The techntque of insulation coordination should be
applfed for relfable operatfon of the system.
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