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COIL PROTE~ION FOR A UTIUTY SCALE A@d2+j,@~o-~~/9$6
SOPERCOhWK?INC K4CNETIC ENERGY STORAGE PLANT

R. J. Loyal
S. M. Schocnung

Bechtel National, Inc.
San Francisco, California

W. V. Ha66enzaN
Lawnnce Berkeley Laboratory

Berkeley, Califonfa

Abstract - Superconducting Nagoetic Energy Storage

~ls proposed for electric utility load
leveling. Attractive costs, high diunal energy effi-
ciency (%922), and rapid responne ● re advantage
relative to other ●nergy storage technologlem. Recent
lnduotry-led ●fforte have prozuced ● conceptual desipt
for s 5000 )Wtr/1000 W ●nergy ●torsge plant which ie
technically feasible ●t commercially ●ttractive
●stimated coate. The SMES plaint deeigrr includes a
protection ●yatem wh.ch prevents damage to the
wagnetic coil if event8 require ● rrrpld dlocharge of
etored energy. TMS pper descrfbec the design ●nd
operation of the coil protection system, which ie
primarily passive ●nd aoes the thermal capacity of the
coil fttelf to absorb the ●tored ●lectromagnetic
●nergy.

INTRODUCTION

The operation of ● SNZS plant for utility loaci
leveling, ● m has been described previoual~ [1],
involves char.giog ● cupercocductins coil from the
utility ●y-tern during off-peak hours to ●tore energy
10 the fom of an ●lectromagnetic field. The AC Srid
!a connected to the DC ma&netic coil throu~h a power

coavereion syctem (PCS) that includee an lnverter/
rectifier. Once charted, the superconducting coil
conducte current with virtually no ●nergy lose.
DurlnC hour. of peak local, the stored energy ie dis-
charged through the PCS back to the gr~d ●e lioe
quality AC power. The coil it maintained ●t a
●uperconductfnt temperature by immeroiorr in ● bath of
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FIs. 1 Schemstic diatrom of SttP.S oprratins principloc
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liquid helium. A schematfc diagram indicating the
principle of operat~on of ● SKES plant i. showm in
Fig. 1.

Industrial leadership in the development of StiES
technology besan in 1981. Efforte ●lnce that time
[2,3,4] have resulted in ● conceptual design for s
5000 UUh/1000 Ml SKES phnt, wbfch conei8te of ● 556

turn, four radial layer, ●uperconductlng ●oleno:dal
coil plue 831 necerioary ●upport ●ystemso The 19 m
high, 1 m wide, 1000 m diameter coil is corrgtructed in
MO open trench. Figure 2 le ● cut-away view showing
the coil ●nd related component. The coil ●mploys ●

200 kA conductor made of copper/niobium-titauium
superconductor etabili.zed by high purity aluminum.
The conductor ie positioned in ●n alloy ●luminum
etructure (conductor ●upport cseembly) which oupports
the conductor againet magnetic loads. The coil
operatem in ● superfluid helium bath ●t ● nominal
temperature of 1.8 K ●nd ● nominal preaaure of one
●tmoephere.

hch of the 556 coil turne conciate of ● conductor
in ● conductor ctrpport ●aeembly, ● c ●hovo in Pigs. 3
and 4. The coil turrre ● re ●lectrically isolated from
ooe another by vertical ●nd horizontal Ineulator
sheete. The conductor coneiste of numernuc l-mm
superconductor ●trand~ imbedded in the ●urface of ●

rectangular, high-purity ●luminum stabilizer.

COIL PROTE(XON

A StES plent mtret be ●quipped with ● relieble pro-
tection eyetem that can dieoipate the ●tored energy to
innure that damage will not occur in the unlikely
●vent nf ●n lmmfnent Or ●ctual loco of mupercon-
ductivlty. ?%? only evente which could lead to ● loee
of cupcrconductfvity in ● coil thet ie well designed
for cryogenic stability are felling liquid hrlium
level rrnulting from ● helium veeael breach, or larse
thermal loads caused by ● rapid loma of vacuum. If

@ither of these evtnts were to occur, th~re would be
no time for .diach~rge of the coil to the utlllty
●yntcm, ee that the coil ●nergy muot be dfknirated by
other m~nrto. Dlnsipation of energy vie ●n extcrnel

renietor ie not ponaible becauee it would rcnu]t in
unacceptably high voltng@8 ● croec the coil. There-
fore, the ●tor?d enrrgy must bc dianipated rca!ntlvely
● m h-at vlthin the coil itself. To ●void dema~e from
hith voltagea ●rid/or high t~mprraturco, thla lnt~rnel
diaa!patiorI muet bt nearly uniform, This proccoe,
called ● coil protective energy dump, platen n number
O: requirem~nta ●nd conatrainta 00 the Plant and COII
deef~n, Th@at include th~ ●bility to rep!dly remove
the lfquld helium coolant from th~ co~l, ~ood rurrmrt
znd h-at trenaf?r from the conductor to the conductor

eupport ●aacmbly, and arl~quat~ th?rnal capacity of the
●tructurt.



?1s. 2 Cut-away V1OW of superconducting magnetic encrw storaw coil in trench
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Pig. 4 200 kd conductor conf igurat loo cmcept

Sequence :md theme ● e acceeaible for ■alnteoanca
while th coil is operating. After the bellrm dmp
●ymtem he. been ●ctivated, the coil protective ●nergy
d-p prnceoa 18 fully pemsivo.

ti helium dmp prmremc require- ●bout 20 ● ●nd
leaves the conductor in ● rcaiscive state. (Uhen no
longer ●rperconducting, the conductor im termed
‘UOA-.) The demign of tbe conductor snd conductor
support ●essmb17 ● esureo sod ●lectrical contact
berwemm thaee Caponents, so that omce the
●upercomductor ie aoml, the coil current ie ●hered
between the conductor mod tbe conductor ●uppnrt

●eeenbly in lnvwee proportion to their reeietaucee ●t
their ree~ctive tempareturee. The ●tored ●nergy le
reelmtively converted to heat, which le ●beorbed by
the coaductor, the conductor ●upport ●eeembly, ●nd u
lnexpenel~e heat ●beorbln~ ●sterial that le contained
in the ●ncloeed voide of tbe conductor ●uppnrc
●eeembly.

Durind m mnergy drop, the t~eraturee of the
conductor emd the conductor ●upport ●eeembly rlea
clomely to~ether, primarily becwee of good ●lectrlial
end tbemml cnntmct. The toll verma to ● safe tem-
perature, near emblent, .becwee adequate thetmd
capacity la provided by th~ roil aeterlale. T’h
themal c~p~clty of the mlumintm componcnte of tbe
conductor ●upport ●escmbly, which fire ●ized for
●tmcsural frmlctlone, 1s ●upplmmented by beat
abeorbl~ ❑ateriel, ●uch ● s tar, which provldee ●bout
half ef the totel requlrad thermal capacity. Addi-
tional uolld ●ltm!ntm for tbls purpomo would be
prohibitiwly ●xpenoive. The resultl~ cell consinte
of approximtitely 75,000 tone of ●lmln- plum
3S,000 tone of tar. Altmlrnm fine, 2 percent by
vol~e of the heat •bmorbi~ material, ■erve se beat
paths into the ter. Tar block time conetmrte for
●everal ●tructure-to-tar blork brll~ sap ●ices end
●lun!rrum fjn voltme fract ions were ●intimated
●nalytically. Theee ●re ●hoba in Hg. 9.

COIL PROTECTIVE ENERGY DUMP MOD?L. —.

The CO1l b~havlor d~ncrib?d in the followin~ text
●nd flpr~a wan ●nalyz~d ueln~ the computer code CPSD
(~oll ~rot~ctjve @r#y ~mp) drvelop~d ●priflcelly
for thle purpose. Quantltjea calculated by che CPEO
rode ●rex

wh.r~ E ie the tell •n~~tlc tnrr~y, L lm the
CO1l fndurtnnrr, and I le the tulel curr~nt lm
●ach roll tuln.

?is. 5 Eotimatod tar block time constent vm. mestr
temperature foruariouw con finuratiow

Currmnt ●hariw he~een ●tructure (e) and con-
ductor (C)I -

(In). - (IR)c

where I le current, -d R ie

Joule beatinq per the ●tep, dtt

dlt= [(12R)e+ (12R)C] dt

whera dt ie the time●tep.

renimtmce.

Rest tranmfer par tbe ●tep from comductor to
●tmcturec

dqct = bA (Tc - T,) dt.

where b 10 tbc ther=al contact conductance
between the conductor ●nd conductor ●upport
●eeembly ●nd A is the contmt ●res per unit
cl reumference.

He-t tranefer Der time ●teD from ●tructure to heat
●baorbln~ -te;lal (tar, T}:

dQeT- CT [TT(t+dt) - TT(t)] dt

where.m~nie th?rmal capacity of the tar and
tha t-r temperature, TT, lagm the
■tructure t~mperatura ●s determined by the
time constant, teu, which la d?flned by!

TT(t+dt)~T(t)+[TS(t)-Tlft)]e[l-elp(dt/taU) ].

Variable time ●tepe ●re ca]culat~d to ●anur~
●table ●olutione.

The ●bove ●quatlona sodel the locml ●vrrage con-
,ductoro ●tructura, nnd heat •ba~blu~ autetial tem-

~raturea. The CPED coda ●lao ●ccomodatea clr-
cuef?r~ntfel or axial thermel conduction ●nd ●llowe
for efrrumfcrential or asial va;iattona jm •at~rial
● r~a crone e~ct ions and in ftlsl tm~raturee.

~)~ CPED cod? wae uaml to fnveat!~nte the eff~rte
Of numrrnue p#ram@trrh on frmp@r”tur~e and v(}]t”&~m
orrurrlns r!urln~ ● prot~ctive ?nergy dump.
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Calculated reeulta for ●nergy decay, temperatures,
end fraction of tot-l current in the structure are
Bbovn in Fig. 6. Asrmmptforrs for thla “base” Cme are
that the entire coil is driven uniformly normal ●t
2.95 K, that the themal contact conductance, k,

between the conductor snd ●tructure equals

1.0 W/cm2-K, srrd that the heat ●baorbiru material
time constsnt follow curve B in Fig. 5. EM refers
to the electrical resistivity of tbe conductor

stablllzer, which 1. discussed lster in this ●ect!on.
Thermal end ●leciricsl property data for slumlnum me
taken from Eef, 6 end the estimated mpecific heat of
tbe tsr blocks iB given in Table 1. The tlm~ required
for bslf of the coil emerw to be converted to heat ia
about 2.2 ●inute8. The tempersturee of tbe conductor,
ntructure, and tar increase ●t nesrly ●gml rates sad
reach 296 K vhen ●ll of tbe coil’D ●lectromagnetic
energy has been dissipated. By tbe time half of the
coil energy has been dissipated, the conductor support
assembly i. car~ing o~er 83 Percemt of tbe total
current rcmsiniztg. TM- current shift from the con-
ductor to the conductor ●uPPort ●ssembly occur-
because the relative reslstsncea of these two
compommnts ●b!fts with increasing temperature.

ELQL~* me the-l
contmet conductance, b, repreaente how well the con-
ductor ie thermally coupled to the conductor support
nssembly. A value of h - f.mpllem perfect tbermsl
coupliru, i.e., tbe two component ●re at tbe ssme
temperature Q? ●ll times. A value of h = O lmpl!ee
that the conductor end structure ●rc thermally
isolated, i.e., there is no heat trensfer between them
The case of thermal :solation leade to high conductor
temperatures vbicb would probably cause desrsge. rig.
7 shown the conductor end structure temperature 78.
time for various values rf h. The value of h - 1.0
W/cm2-K ueed for the “bssew case is ● Cotmervative
value, estimated from published dsta for tbermsl
contact condtwtance. The conclusion to be dratmt is
that no severe temperature grad!snts occur between tbe
conductor ad ●tructure for sny reasonable value- of h.

Effect of Tar Time Constant. Th@ ●ffact of tar time
conotmt on the temper~tures of the conductor, con-
ductor support assembly, ●nd tar during ● protective
eneray dump la ●hewn in Fig. 8, usicig the time con-
stant vm. temperature curves plotted in FIc. 5. The
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Table 1. Estfmsted specific heat of tar, wh;ch is
proposed ●u heat absorbing material.

~empersture, K ~peclfic He*t (J/g)

1.8
4

0.0170
0.0195

10 0.024
20 0.10
so 0.3s

100 O*7O
200 1.18
300 1.52
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?l~. 8 Coil temperatures vs. time for various tar
thermal time constante during ● n ●nergy dump

resulte indicate that the conductor end structure
temperatures ● re fairly insensitive to time constant
over the re.nge vhich is ~ected.

-.~. The CPED
code accommodates initial temperature nonunifomritiee
over ● -elected circ~ferentill se~ent of the coil.
me resulte ●howm in Fig. 9 indicate that initial
temperature hot-spots dO not grow durl~ eM ~ergy

d-p. Rather, hot ●pots shrink becaus~ heat capacity
increases with temperature faster th~ ●lectrical
reoimtance. Circumferential thermal conduction has
only ● minor ●moothi~ effect. The fact that hot
mpote ●hilnk rather ttmn grow in megnltude iO very
●lcnificant because Unsta>!?~rovth would lead to coil
demage.
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Ron-uniformities in cross ●ectlonal ●reas, vhich
might be expected ●s ● result of manufacturing
tolerances, ●lso do not lead to mtjor hot spots. A
local reduction cf S percent in the crotis section of
the structure caunee the Iacal conductor temperature
to exceed the ●terace conductor temperature by s
maximum of only 20 K, Vatiatione in conductor and tar
area cross ●ections h~ve ● emsller ●ffect. Tbe8e
reaulte ● re ●hovn in Fic. 10.

~.~ ● The electrical
reeistivity ●t cryogenic temperature of high purity
aluminum, such ●s that used ●e the conductor stabi-

lizer, is ● strotu function of both temperature and
purity. Conductors used ● t cryogenic tempe?aturee



often ● re characterized by tht ratio d reminti?lty
●t 27? K to that near O K. This rotio 10 called tba
residual rceictivlty ratio (R2B). ~e conductor
st~bllizer currently proposed for SKIM lB B2S 1000
altcaln=. A rue of ●ffectlwe S2R lm mxpectcd for mm

operatirq SKSS eonduetor becauoe the reofstlvlty S1OO
it sffected by msgnecfc field ●nd local ■trtirt.
Hc.ticver, the corductor temperature bch~vior durfns ●n

energy du=p ia not noticeably dependent on ERR over
ite cx~ected renge. TM- is because the reslmti*ity
of h;gh purity ●]umlnrm 1- nearly independent of R2R
onto the temperature .- !eds 40 K. Therefore, ● eon-
mervative value of MM 3., vao uoed in thie emalyeim.

cOIL VOLTACE

For thoee calculotiomo deocribed so far, for which
the ●res croms ●ectlono mnd initial temperature were
umifom ova the coil height, therm wmmno Volttiga
grodlent in the coil. Mowvar, beeauoa tha liquid
belitm coolant removal occurs ovor a finite period of
the, 10 reality there till be afI●xial temperature
gredient in the CO1l. The uid volt~~e UU-cd by the
the-l ~radiemt mat h lidted to a cafe raa~e.
PI%. 11 shows schmmtfcd2y the laductiva, reeietlve,
●nd totm2 voltqe la ome radie2 layer of the coil ●t ●

time whom the liquid heliw Ie drainlog fra the
he:fum veeeel. The arpoeed mefi turme of the CO1l
~enerate ● remletlve VoltaSO. Am ●nergy ie resis-
tively diselpeted. ●n inductiw voltage of the
c.ppoeite ●igm reeulte. The ●lgebraic ●m of theoe two
e~ponents im the volta~e vhlch the in~rlatiom bemen
the ceil and the helium veseel met withstand. A
volca~e dlfferentie2 perciete ●e 100S ae there ie mm
miel temperature ~radient. The mesmitude ●nd ●xial
laratiom of the point of umiwum volto%e depende em
the temperature profile mod coil current ● t ●ny gfvmn
titi. A consequence of the coil winding Pettem
(parallel helix) ie tlut the pak coil voltase thet
would oth~tvise occur during mu eneray dump IS reduced
by ● foctor ●qual to the mrabmr of radial layere, in#
thim raae by 4.

Effect of Hellmm DUDp Time ●nd Initiel Temperature.
Yia. 12 ●hnva peak COU volte~e ● e ● function of
be~i”um dump tl= ●nd initial,– or %Ick-off - c-
peroture of newly uncovered conductor tume. ti
kickoff temperature le ●eaumed ●quel to that of the
helium gas vhich dimplaceo the liquid, ●nd the con-
ductors ● re ●oouned to jump lnotantly to the kickoff
temperature ●e they are ●xpoeed. Above nbout 40 K,
the conductor kick-off temperature ham ● ●tronger
●ffect on peak coil voltage than helium dump time.

SUP[nCONOWflNO

\

——. .— —. .- .-.— -..————.

3e10w ●bout 30 K, the kick-rff tenpereture of newly
●xpoced mnductor turoe hee little ●ffect. For the
SHES plaot desigm reported here, 28 K helium gaa le
uoed to foitiate the ●nergy dump.

Coil voltage 10 a weak fmct!oa of h~lium dup
tfme, ●e ■hon in Fig 12. Ubile ● mexinumcoil volt-
●ge of 20 kV Ie thought to be ●cceptsble, the lreliia
dmp ●ymtem ie demigned for ● dtmp time of 20 ●,
reeulti~ in s muimm coil voltage of only 10 kV.
This ie Juet elightly ●bove the peek coil roltaSe of
9.4 kV which occurs durimg motmal charge/discharge
operatiom of the coil.

figure 13 shovs the t~erattrre difference between
the top end bottomturmmof the coil ●s ● fuLciot. of
hell= d- time, beemd mm m cemductor kick-off
tmmpereture, Tc, of 2S K. ~or ● 20 ● hell= d~.ap, tht
mmmimtm temperature diff.remce is 80 E, which is met
~oti te -e the coii- (me tomes in Ms. 11
~ 12 Vere colcttlated 5J.4 the conditinm that the
comductor ●trppert ● tructure emd tmr umre kicked off at
temptrmtraree of 0.9 xc emd 0.S Tc~ respectively.>

~. lbe ●ffecte of themol contact comducttmce
betveem the conductor mmd the cemdtrctor support
aeeembly, mad of the tar time couetemt em mexi-
voltmge sr~ ●hevm im Figs. 14 emd 1S. Both shov that
better heat tramofer reeulte in lover roltage,
●lthough the reeultm ●rr rather immemslti~a to eithmr
paromotor.

_., . .. .---- 4. ---- —- -$--.. .— ~~~
w

~.. . . . ;



?ig. 13 Haxlmum ●aial tamparaturo vs. tima for various
helium dump tlmgm

The conceptual desl~ of the coil protactlm ●ystm
mod mmalyais of the heli~ and mneru dwp proceeaam
l~adm to th, followlU Concltlaiotm, tilck ● rm
importum to themd?anccment efSHBS.
o The diemlpatiom of merw in tho coil durimg a

protectlw coergy d=p proceeds nearly tmtifomly.
TbQ •mlm~ temparmture followlms MO emergy d-
1s low ●nough that no damage to the coil reeulta.
Xnltlal tmprrature differences in tbo coil do not
grw, but rather ●hrimk. For ● ❑odemt rat. of
llquld hell= remoml, mmceeslve coil ?oltaCea do
mot occur.
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Fig. 15 Voltage VO. tlm for vmrious tar tirn camtints

o The de~elo~emt of ● mostly poselro eyet~ for ~
aorgenc~ emerw dlecher~e vhlch lm reliable md
reeults in no dema~o to the coil roaoltem ● mmjor
cmrmrm resmrdi~ tha tecbmlcal viability of S~S
for ●l~ctric utility load lCWIIMS.
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