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30-W SUPERCONOUCT!?tG wAGXETIC 5?JERGY S~5RAGE (WES)
uNIT FOR STA61L12??IG AN :L:C7!IIC TRANSMISS1ON SYST:: ‘

J. II. Rogers, H. J. 3oen!q, J. C. Bronson, 9. 3. Colyar,
‘d.V. Hassarszall,?. 0. ‘or~er, and ?. !. Scnermer

MfiRACT

Electric gower jyste~s :+at ~av? major ;msds and
generation :entm Segarated +JYlarge ‘distances nay
sxoer+ence ?ow-f*sdllency ~ower oscillations. Tnis
type of !oscillationhas Ic:urred on the ?aci+ic AC
Imertie 5%? connects Soutnern :alifmnia and the
~3c:?ic Northwest.. A jeoarate. almost 04r311el,
~c-transmissionlifis31s0 connec:s these weds. Fae
3onneville ?~wer Adminis:yation,‘whichcwer3tes this
:~ansmission SyStWI, has overcome the instability by
controlling the ~ower trmmitted on the
de-transmission Tine, A 30-MJ (9.4.Wh) supercon-
ducting magnetic energy storage unit with a 1O-IW
converter could also orovide damping for this insta-
bility, The conceptual design of the 30-MJ coil and
the cryogenic and ele~trlcal ~OIIIPOnentSof the SYStSM
are aesc~+bed. ‘% system is to operate at 3 maximum
current of 5 <A and ~il~ modulate the AC [ntertie at
‘1!35ii?. Discharge ‘willW controlled to rWain a
ninimum stored snergy o+ 20 MJ tg llmit cyclic
strains in the :oil and ac losses in the conductor.
We conductor will je made Of multistrand-cooper and
copoer-matrix,multifilament NbTi superconducting
wires on a stainless steel mandrsl.

[. INTRODUCTION ANCJ SUMMARY

T+e Pacific Northwest and southern California are
part of the Western US Power System ~nd are connected
by two 500-kV, ac-oower transmission lines, collec-
tively refsrred to as the Pacific AC Intertie, and
Ine J$OO-kV de-transmission line, the Pacific WOC
Inte~tie.l We two ac lines 4ave a thermal rating
of 3500 W, and the 4C line +as a rating of 1440 !4!4.

‘Ye stability of the western Power SyStem is af’-
fected by rglative weakness of the tie provided by
tha 905-mils-long Pacific AC Inter te.

J
[n fact, dc-

cordlng to Crssap Ind Mittalstadt,. “Studies made
hefora energization of th? ?aclf+c AC [ntertie showed
that negatively damoed ~scflldtions wit!sa frequency
of AbOUt 20 cpm ‘wereltkely to occur.” In 1974 nega-
tively damped oscillations with a freqUenCY Of 21 cpm
(0.35 Hz) #ere observ@d. ‘he oeak.to-peak oscilla-
tion on the %cif?c AC [ntertie was about 300 ‘W.
Subsequent to these instabilities,the 9onneville
Power Administration (EPA) tnstalled ecluioment3to
modulate the power ?Iow on the HVOC Intertie as a
,neansof damping the %clllations. The maximum aos-
sible power nodulatlon on the HVOC Intertie is ~0 W,
about 3 oercant of the WOC power rating. me modu-
lation of the HVOC Intertie has incrsased the Stabil-
ity lfillit of the Pacific AC [ntertia from about 2100
W to 2500 YM#henever the !IvOC[ntertie is oaerat-
ingo However, the HVOC Intertie does not operate,
continuously. TM I(ne availability is 89,6%, and
the southern terminal #as dOwfi for six mr)nth~as a
result of earthquake clamaqe. A back uo stahilizino
system could be used. fie fdea that SMIESsyst@ms
could arve as system stabilizers was oroposed 5Y

i‘40han, and its economics wtrs ana!yzed by
Hassenzahl, $ak?r, and Keller.5 Late in 1976,
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3ESIGN PARAME75RS ‘?F4 ?O-MJ
SYSTEM STABILI?!NG ShlESUNI-

Maximum oower capability, ,!44
Operating frewency, Hz 0.:;
Znergy interchange, MJ 9.1
Maximum stored energ!f,W 30.0
Coil current 4?.ful~ :hargs, kA ~
.Yaximumcoil terminal ,voltaqp,<V ?.:3
Coil ooerating tamoerltur~. s 1,5
Coil Iifgt!me, cyc?es >IG7
Heat load lt $,5 <, M <150
Coil diameter, n ~,~

7hISCOil wil? be immersion cooled in liquid
helium at 4.S K and will have dn ooen wound con-
struction very similm to that smoloyed in existing
coils. The unUSUal feqtures of the coil are the
~verylow heat generation ~llowed, despite the unusu-
ally short cycle time, and the very large number of
operating cycles i?xpectcdover its Iife, n~ con-
ductor prooosed for this duplication +s a modifica-
tion of the conductor used by tiestinghouse6in a
pulsed superconducting coil constructed for the CoIl-
trolled Thermonuclear Reactor dwelooment ~rogrm at
LASL. The conductor will bt?cabled from a number of
Suuerconauctorsmade Into subcables. [t will con-
sist of superconducting camPOSlte strmds Surrounded
by six cooper or cterhaosaluminum strands forming dn
insulated, first-level subcaole. Six of the fint
level subcables will be ,wraooQdaround m inactive
core to form a secand-level subcable. Finallv
twelve second-level Subcabl% will be wraooed on s
structural element to $om the comolete conductor,

Most of the other components of the unit lre
‘wellwithin the state of the qrt. The converter
will be a scaled-down version Of the thyristor ,~nits
now used on high-voltage tic-transmissionlines.

The control system for regulatin the sower
!flow between the ac system and the ShiS system has

5een e’felooedand demonstrated in the labora-
tory,Y An analysis just c&npletad $V P. C.
Krwse, Purdue IJniversity,confirms work done by the
Bonneville Power Administration on the energy stor-
age requirement and oower rating of the unit and its
expected control behavior, The refrigerator is a
standard unit Ivailable from several nanufacturws,
Some redundant components may ae rr?uired to bring
the refrigerator up to :h@ performance level expect-
ad for an alectric oower system. The iewar, sirnilm
to one that hds o erated successfully for a period
of several years,! must $e nade of a nonconductive
meterial such as eooxv fiber glass to avoid sddy
current heating as the coil is charged ind dis-
charged.

[1. SUPWCONOUCTING COIL

Orevious $’tudiess show that $MES coils will
be most economical if thev ar~ built,u solenoids
#it!Ia +eiqht-to-,liametarr,~tioaf about One.third
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and “witha aaximum field, ~ax, at the windings i~
the .-ange:=lt~jr, ~~ stored ~n~r.qv, #herl ful?y

charged, is n ?e 30 ‘4J, even though a naximum of
only 9.1 MJ is SObe exchanged #ith the ac.gnwer
system m each cycle, Staring more energy than is
needed for jischaroe ?imits the cyclic strain and tbs
magnetic Field variation experienced !Jythe coil
cmoonents and ~ssults in bettar ●atiaue oer~ormance
and sharaly decreased ?eat load c~narsd witfi
stovinu, for ins:ancs, ?0 ‘dJ. The current jroos ‘rem
5 kA ta J,L7 kA during the magnet discharge, ind the
‘maxim~ fisld at the conductor droos from 3.9? T to
3.27 T. ?arameters for the prooosed coil m given
in ‘abls II. The indg :ance ‘wds calwlated by using
:he tabl~s of ~ro,~~r,.5 and the nagnetic fields and
~esulting +orces ‘were;~lculated 5Y using the
comouter ~rogrsm CSYO.~

‘ABLE 1!
oilRAMETERSOF A 30-MJ SYSTEMSTA81LIZIVG COIL

Energy s-:ored~t full charge, MJ
Energy stored at end of discharge, MJ 20::
Current at full charge, kA 5
Insulation Standoff voltage, kV
‘4aximwrrfield at full charge, T 3.;:
!nductance,H
Ooeratlng

2.4
:~moersturo,K

Uean radius, v 1!2:
Height, m 0.86
‘?adtal thickness,~ 0.34
Number of turns 918
Minding oattern layer
‘lumberof layers ~a
Number OF turns oer layer 38
7~rl.to.turn separ~tion ~y;a]

and radial, mm

3
CJnductor leng h, in 7451
VbTi ‘volume,‘n 2.27 X 10--
NbTi mass, kg 127
Comeosite core mass, kg “ 724
Firstsubcable mass, kg, 5520
Second subcable mass, kg 6450
Strap vass, kg 306
~ur~ent density in copper at 5kA, A/m2 6.2 x 109
Current density in superconductor, A/rln21.8 x 109

T%e maximm axial stress in the coil, 7.2 MPa
(105O Dsi), occurs It the axtal mldplane at the mean
COil facjius.[f this stress fs carried entirely by
the conductor support s+rap, the resultlng stress fn
the Strtp is 25 i4Pa(3700 psi). Themaximun radial
stress occurs near the average radius and in the
~xl~l mldolane. !t is !0.5 MPa (1520 psi) mnm!s-
slve, or 20 MPa (2900 Psi) tn the strap. The maximum
%w Strqss, ~hich also occurs at the coil midBlane,
!s -JO $fPa(41,000 psi) in the strap. All stressas
#ill dacnasa by 3 fsctor af 0.335 during the dfs-
charge bortion of the ,maonatooarating cycle. fie
main coil structuralmatarial will be epoxy fibar
gllss G1O CR, md *ha $i hast fault mods voltaga

7across the coil #ill ba ,0 kV.

111. CONOUCTOR DESIGN

The design of tha conductor and its suoport are
Satterned after that of the Wastlnghousa coil con.
structad for tha LASL/METS program, This coil WaS
Iischwged repeatedly at 40 kV fram 10 kA to O A
without any premature, unexpactad Iossas of suparcon.
dUCtivitY. ft fs Possible to Start with d slightly
diffwent strand composltton from that used for tha
METS conductor aridadd sufficient :oppar :0 have it
h Wyostabla ‘whllast{ll halvinglow Iossas.
Soecfflcations for Ma proposed conductor are given
in ?abla 111.

designed :0 ooerats at ~0% ~f
the load line. Six coooev
about the cooPer ml YbTi
the first-level subcz “*.

?%is structure ,vas suggested by Mang.~2 <aot~
‘iTjmfs prooosed as an insulating wrao for the
first-level subcable. Six first-level subcable:
*ill be caoled about an inactive ce?rtr~lcooper
superconducting core that will te used to detect
resistive regions. 7#elve of the (6 + 1) second-
Tevel subcahles ars cabled ~bout i s~ooortinq Strak
co form the ccmolete conductor. Figur3 1 shows the
proposed conductor,

Ffg. 1.
Low-loss superconductor for tha 30-MJ coil,

TA8LE [1[
SPECIFICATIONS FOR A CRYOSTA8LE CONOUCTOR

FOR A30-MJ SYSTEM STA8[LIZING COIL

Suoarconductor ?omoosita Core
Area of lNbri.mw
~i~~ent dftiaterlm
Number of filaments
Strand diameter, ‘mrr
Cu to NbTi ratitl
Twist Ditch, ‘m

Ffrst SUbCdble
ii~ ~oooar wires cabld

dbOut e cors
lJnc~gdctad d~~ater, ~
Ovardll Cu to NbTi ratio
Tnsuldtion

4,24 x 10-?

34:
g.d62
?,95:1

1.69

(6 + 1)
!.39

2!3.7:1
Kdpton

Sacond ?4bCabla (UnlnSu14teft)1
‘,1X~lrst subcablas
arounda core 6X(6+1)+1

Uncomudcted diametar, m 4.16

Finished Conductor
Twalve second subcables around
d supporting strdo

Strap filmension,mn 4X13
Unccmacted conductw

dimension, mn 12 t ?1

%u?ont trddemwk.



‘V. STABILI~, PROTSCTION, AND LOSSES.

The !oule ?eating Der unit ?ength of conductor is
calculated to be 92 ‘d/m. For reasonable values sf
he~: ~lux and s~rf~c~ ~r~a, p~c~~ery ~pom ,Joulg

?eatina will occur,
Al~?ough the cm-goosedc~il and canductor will be

Sel=-arotectingunder r?gular o~eration, thers ‘naybe
system emergences mich rs~ufrs a b.sck-uoorotixtfon
system that ‘xilldischarge the coil quickly. If the
?.13-kV caoacitv of the ac-to-dc converter were tised
to discharge 30-,YJW 5 kA, the decay co:lstantwill
)e 5.5 s.

A discharge of coil mergy through the’converter
oack ilto the ac line at the wrong time might trigger
in !nst?bilityof the type the unit Is designed to
control. Therefore, the coil energy is to te dis-
si!2ate5 in 5 ?-ohm ~xtarnal rQsistor, ‘witha terminal
volta~e of 10 <V and a discharge time of !,2 $. Lab-
oratory experience indicates that the quench detec-
tion sensitivity against a background 2 kVoperatlng
voltage would corr~s;ond to approximately one normal
turn, A thermohydraullc analysis shows that if the
teat t~ansf~r ~oes not change ‘with ttme the conductor
will simoly remain at a temperature of approximately
!0 K. The additional soil.off ca~sed by the in-
C%ased %eat load of 33 X per normal turn could be
IJs.4 to trigger t?e protection circuit. If a number
of adjacent turns in the same layer are normal, the
volume gf gas generated may reach a crltlcal ‘vaoor
frac’ton of 0,30 by mass and vapor-locking could oc-
cur.~ Calculations show that the electrical pro-
tection system should,detect a consfde~ably smeller
normal ragion and should trigger till before such a
situation Occurs,

me loss calculations war performed.by ‘usinqthe
!formuias of !dalkerand Murphy 3 averaged over the

volwne of the coil and over the time varlatlon of
field durfn# the charge-discharge cycle. The hyster-

~04 A/m~
es s 10 s was overestimated by sssuming jc ■ 2.1 K

~t4T, rath●r than the value jc 9 1.9
x 109 A/m used in designing the conductor. The
t:ansver~e reslstlvity of the conductor was taken as
~h~~v;;~~~;a~ue forcoPPer over th@coll volume o

; Results of thase calcu?atlons a;e
prs$ented i; ;dble [v,

TABLE IV
HEATING OR LOSSES IN THE 30-MJ COIL
OURING THE tllARGE-OISCtiARGECYCLS

Conductor Losses
Fiysteresis
Self-field
Couolina
Eddy cuirents

Structur4 Losses
ddy currWIts

Mechanical

&
0.2
50

V. ELECTRICAL INTEQFACE

A lfne-ccmutated converter is t!w tlectrlcal
fntcrface between the 230-kV ac bus and tht suowcon-
ducttn coil.

!
Th!s typ~of converter, with fast con-

trol, s ideally sultRd for bidirectional power flow

in thg coil. The coil absorbs povmr from the ac sys-
tem dnd acts IS J load during one half-cycle whm the
convwter voltaqe ‘s positfve. Ourfnq the next $alf’-
cycle the converte~ ‘ltaq9 ~s made negative df!d the
coil operates ds Itor $Qnding Power bdCk into
the dC SyStSMs. ‘,vertw desiqn parametwt can
b~ determined ftm “ 11,’xtmun dsoidal power

demand with the ooerat’ng frsu!lencyof 9.35 Hz md
the coil characteristics. For a maximum power of !0
MU, the =energyexchange eequired is 9.1 YJ. we
maximum cnil current of 5 ?A, determined because of
superconductor considerations, is also the maximum
converter current. The maximum converter voltage
‘willbe 2.13 k’v’at a current ~f 4.55 kA. The
converter has to he designed for the maximum
~voltage. For a !9% consnutatlondrop for load
curr!?ntsclose to 5 ‘iA,the no-load voltage of the
converter should be ?.5 kV. me installed converter
thus +as a power r~ting of 1?.5 NW. A !?-oulse
converter, consisting of two Grletz bridges, #as
chosen for this aoolicacion !nstead of a single
6-oulse converter because it rsquires IQSS filter
caoacity and less installed transformer power, 4
single, !2.75-wIA transformer ‘witha ielta minsary
‘windingmd twu sacondarv windings (one in delta,
one in.star) connects the converter to the 230-kV
bus.

Figure 2 shows the laboratory results of a
small-scale SMES system. The power demand is Sinu-
soidal #ith a freauency of 3.3 Hz, The converter or
coil power meets t?is demand oerfec:ly. ~igurs 2
also shows the time dependence of current and volt-
age expected for the 8P.4unit.
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Fig. 2,
Oscfllograms of the response of coil voltaae, cur-
rsnt, and power of a 3.3-H SMES system subjectej to
a 0.3-Hz sinusoidal power demand signal.

\ VI. CRYOGENIC COMPONENTS

To avoid eddy.cur~ent heating, d heliun dewar
made of dn insulating material must be usad. The
simplest d@war configuration obtainable, a too gpen-
ing cylindrical vessel of liquid bti!iuinin whic$ the
coil is suspendad fram the uppar lid, is prooosed..
Thn dewarmatarial is to be fiber glass-reinforced
plastlc.

A CTI Cryogenics/Sulzer,Modal 7CF-Sflrefrig-
erator is being ourchasad, The refrigerator has
screw canpressors for lonq-tarm r’el{dbility’and a
SIlde valve arranqgnent fcr adjustment @f the com-
pressor throughout from 30 to 100%, Two compressor
assembles Drovia@maximun capacitv ~nd rgliabili.
ty, Tfierefri erator has gas-bearing tur90exoanders.

?The refr g~ration reauir~ents Sra given in
‘dblg V. Thase for the coil ml orobably *iah he-
csusa 4 cn(lservativevalue ‘wds qssumed for mechanl-
c31 10sSeS and the $y$taresi$ loss cafibe -educed 5V
USIR9 ~ $mall@r NbTi ‘~lament,
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SUMMARY OF ?EFR?GER.4TOR2EQuIRE!4E?ITS
FOR 70-MJ SYSTE!iSTA81LIZ?NG SMES UNIT

!lefrigerationloads at 4.5 K

:snductor ac losses
‘iiatts
T

ve~~a~ic~l losses 33
Mwar +eet leak 9
(rsdfation and conduction)

Transfer line losses 3
(liquid nitroqen shielding)

Total KU

Liquefaction loads,
?ower leads, L/h !5

VII. CYCLIC EFFECTS

The most dtfficult area of design, for which the
least knowledge exists, is that ofn!echanical and
electrical integrity. ?%e oncern arises fmn the

5exoected minimal life of 10 to 108 cycles for
the stabilizing unit. Only limited information ex-
ists on the cryogenic environment for fiber glass-
WJOXV ?aminates and electrical insulating maierials.
Abrasion, wear, and cracking can he serious prob-
lem. dn experiment, still to be devised, will be
undertaken to detsrmine the life ?xpectancy and/or
design limits in terms of str%sses and bearing Toads
that can be imposed on the conductor, the cab~e, and
the insulation to maintain mechanical ml electrical
integrity.

VIIf. ENVIRONMENTAL CONSIDERATIONS
.

All SMES units will produce magnetic fields be-
yond the cryogenic enc!osurs. For the 30-MJ coil,
the 8ield o~tside the building will be only a few
gauss. At 30 m (100 ft) the field should be below
the average value of the earth’s magnetic ?ield, 0.3
G. Thirty meters is expected to be well within the
fence that defin@s the site boundary Ind surrounds
the transformer,converter, refrigerator, and coil,
Consequently, no envi~otnnentalimoact is &xpected
from the magnetic fi~ld.

IX. CONCLUSIONS

Superconductingmagne’ energy storage system
for sower t~ansmission 1 ‘bllization ar?well
.+ithinthfIpresent state art, A 30-/4Jsuper-
conducting storage system 1O-NW power rating
can be Wilt ?0 modulate, at 0.J5 ~z, the AC [ntertie
between t’”ePaCific Northwest and s hem California
to damo oscillations.
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