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IN THE BONNEVILLEPOWERADMINISTRATIONELECTRICALGRID*

J. D. Rogero, H. J. Boenig, R. I. Schermer
Loe Alamoa Natlorml laboratory

LQS Alamoe, Ntf 07545

J. F. Heuer
Bonneville Power Administration
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Abntrnct n

The 30 W superconducting magnetic energy storage w

(SFfES) eyotem vaa installed in the Bonneville Power
Administration (BPA) Tacoma Wbatatioc in 1982-83.
Operation of the unit ●ince that time baa bean for over
1200 houra. Specific teete to ●x-plore the SMES ●ya-
tem’a the-l ●nd ●lectrical characteriatica ●nd the ‘]& * “
control functions were conducted. The coil heat load
with current ❑ovulation waa determined. A converter

+$ a ,=1~~with two 6~ulee bridneo lnterfacee the euDerconductinm
coil to the power bus. Equal bridga voltage amplitud;
and conntent reactive powar modes of operation of the
●yatem ware run with computer control of the SCR brldt~
f~rlng ●nglaa. Coil energy dump teate wera performed.
Electrical grid oyatem reaponae to Sf4ES modulation vaa
observed, ●nd full powa r Snss ❑ovulation waa
undertaken.

Introductlnn

The -~ae of a superconducting magnatic energy storage

(SMES unit for power system damping W.O ●uggeated in
i973. 1 The 30 MJ unit waa designed for such Zervice ● e
the ❑odulated cnnt rnl ●lement similar to RVDC
Modulation.2-4 Aa with RVDCFfodulation, fluctuation
of the Pacific AC lntertie c-Jrrent Iac ● re ●enaed, ●nd
the SHES unit can respond with powar varlationk to d~mp
omclllatcry lntertle current component, when the 30 KJ
unit operatas in the clooed loop stabilizer mode. The
unit wat firnt ●nergized in Fabruary 19B3. The short
term operational capnbilltlea of the unit wera ●atab-
liahed, ●nd anduranca teata were parformed to ●aaeaa
the mid term reliability of tha ●uparconducting coil ●a
well ● a that of the helium refrigerator ●nd ether sup-
porting aubayatema. During the ●ndurance teat period,
the unit was driven by ● morrow band nniae input, char-
●cteristic of the ❑ovulation signal for atabillcer
oper~tlon, that albO provided a usaful teat oisnal for
g~thdring tlw power system reapon~e data neaded for
tuning of the SFfES Modulation ayatem.

The msjor components of tha 9ttES unit ara ita auper-
conduct. ,1s coil, the nonconducting vacuum veaael, the
cryogenic ●yatem with lta liquid halium refrigerator,
the ac/dc converter ●nd the local control ●yatem. Tha
enginearlng of theaa componanta la ●ddre~aed in detail
in Ihree recant publicatlona.s~6~7

Tha coil ● torea ●nergy in ita magmntic field. Energy
nxchanua beLwmn the coil ●nd the ac ayatcm la con-
trolled by a lirm cormnutated 12-pulna converter, shown
in FIR. 1. Each of the two 6-pulne brl,lRea ~a fed by ●

13.8/0,93 kV tranaformar provided with ● .t5X tap
chanacr. The brl?nrm maintain ● unidir@ctlonnl current
Id, “~~ thnt ponlttvc conv[
pusitiv- powar output, charR

● suppnrt~d hy the DapmII
En?rgy Byatme lt~ncarch,
Admlnintrotton.

1.
2.
3.
4.
6.
a.
7.

CONVERTE~ TRANSFORMERSI OMVA EACH
O-PULSE BRIDGE (*1.25 kV, 5.5 kA)
O-PULSE BRIDGE (~1.25 kV, 5.5 kA)
BYPASS SCRS
DUMP RESISTOR (l.O~)
DC BREAKER

SUPERCONDUCTING COIL

Fig. 1, Electrical circuit diagram of 30 MJ SMES unit.

Vd produces negative power, discharging the coil. The
bypaaa thyrimtora in Fig. 1 provide a path for Id in
the evant of a cocvarter falluva. The dc breaker
●llowa Id to be dlvertmd into ● 1 ohm ●nergy dump
rlaiator, ohould ● converter failure occur followed by
● cryogenic syotem failure.

The aolenoidal coil haa an inductance of 2.6 H, =
current rating of 5 kAt ●nd ● peak field of 3.0 T.
Fac.tora ●uch ma fatigue, mechanical forces, ●nd super-
conductor ●tabllxty dictate that stored ●nergy during
normal oporation should be managad between about 20 MJ
●nd 30 14J, cnrreaponding to currents nf 4.0 kA and
4.8 kA. Figure 2 ahowa the housing of the coil, ●

rtar voltnga Vd produces a
nB the COII; ●nd neBattve

mant of Enar8y, Office of
●nd Uonnavill- Powar

PIB. 2. Dewar ●nd support structure of 30 KJ coil.

..



fiber reinforced pleetlc dewar, ●long vlth f.t8 sup-
porting etructura. The dewar haa an outer diameter of
3.9 m ●nd a height of 2.7 m. The two 5.O U current
conddctore from the converter to the coil are in the
upper right of the picture. The transfer lines for
helium to the helium refrigerator are shown in the
upper left of the picture, Two 6 MVAtransformers feed
the two 6-pulse bridges ~ounted on eech aide of the air
cooled convmrter unit. The dc breaker la ●lso
contained in the converter unit, while the dump
resistor is mounted on top of the converter in a
weather remiatant compartment. The no load output vol-
tage of the converter can he varied continuously
between +2.4 kV ●nd -1.9 kV ti.th both bridges operating
in aeriea. The u%equal limits are due to ●n inveroion
end etop that hoe been aet to 140°. The protective
energy release In the dump reaiator requires 5 kV
withetand capability ●nd dictatea the voltage daaign
level.

The refrigerator la supported by component that are
trailer mounted. These are a heat re~ect~on trailer,
an evaporative cooler, to remove the compreaaor vaate
heat; ● high preaaure gaa recovary trailer with dia-
phragm compreanoro to pump txceaa vaporized helium gaa
into storage; ● railv#,y tube car for the supply ●nd
storage; and ● dewar trailer for storage of liquid
nitragen. The nitrogen is used in ● first stage haat
exchanger of the refriger&tur to cool the helium gaa
and to trace the radiation ahielda of the helium trans-
fer lines between the CO:I.1dewar ●nd the refrigerator.

&harglng ●nd D!achar@n&

The 30 Ml coil waa first charged ●nd discharged in
the manu.el control mode. The coil, power at 5 kA waa
11.16 NW and -9.80 NW for charge and dirncharge,
raapectively. Tha paak currant in the coil waa 5.4 M.

Protective Diacha~

The protactiva circuit teuta began with coil curren:a
of 1 kA ●nd th~n lncrcased by 1 M to 5 M. All teata
were oucceaaful with tha coil ●nergy deposited in the
dump rrnaiator ●nd lln exponential decay time constant of
2.6 ●.8 Voltagen of 5 kV wara developed acroau the
coils, ●nd no ●pur~ous aw,~tchin~ or ●tror.g xeaanant
voltaga tranaienta were obaarved,

OperatinB Modea

During normal operation, the coil currgn”, Id pli~,~ t,he
complax lend Sac = P +jQ, that the S?iSt3 unit prasenta
to the power ●yatam, are antablfahad by local con-
troller logic, where P a!td Q ●ie tha raal ●nd reactfve
powers, reapactively$ For tha unit to operaca iiii a
stabilizer, one or more tnput, to tha controller mat
ba generated ramotaly, ticcording to z faadbatk r.onttol
law thaL uoea Pacific AC Inte\tio currant 1 ●a its
primary lnput,b ‘ftN controller ‘Iperm ta aome
independence in tha choica of P ●nd Q and thus ●fforda
●evarml modes for modulation,

If tha convertar falls or tha ●c supply ralayr out,
then the atorad aner8y cannot b~ returned to the power
●yatem. ‘M coil current can bs cirr,u.~ated throush the
convertar bypaoa thyriabora. Thyriator and buabar
leases in thiu frea whoel~ns mode of opa~atton bring Id
to smro within ● n hour.

Tho convartar bridges praaent ●eooc~atad complex
loeds S1, fi2 to tha ● c ●:?etem. For ●ach !3$ thti power
factor coe $i can be ●djualad by meana of t% bridge
firln8 ●nale oi, ●nd IS,I varioa ●utometictilly ma Id
chan8eo.

Line commutated eonvertara cannot be operated acroae
a full 180° firing angle. Control for the SNES unit is
between atin = 5° and aw = 140°. End stop aetting~
paat 140° are possible ~ut risk commutation failure.
TMa precaution reduces the ranges of constant reactive
power (CQ) and constant real power (CP) modulation.

The SUSS ayatem was used for injecting and absorbing
real power pulses into the high voltage electrical grid
to identify ayatem parameter. Teqta were performed by
injecting either sinusoidal, low frequency (0.1 to
1.2 Hz), real power pulaea or a narrow band nofae power
signal into the electrical ayatem. When sinusoidal
power pulaea are injected, the two independently con-
trolled 6-pulse bridges of the converter can aaeume
either an equal or a different phase delay angie. With
equal phase dalay anglea (EA), a real power variation
aleo cauaea a reactive power variation, vhi~e with in-
dependent bridge control, the reactive power can be
kept cnnstant.e Figures 3, 4, and 5 ahow th~ee
different converter loading conditions. Each recording
deptcta the bridge 1 voltage (Vdl), bridge 2 voltage
(V ), the converter output current (Id), which ia the
cot~ current, and the real (pS~S~ :~~ ~~~t~eb~$a?~
power of the St4FS unit measure a
Fig. 3, the SMSS unit follows a sinusoidal power demand
signal and both bridges have equal voltage output. The
fundamental and second harmonic reactive power
variation are ●l.gnificant. In Fig. 4, the SMSS unit
output ahowa ainueoidal real power, but the two bridges
arz controlled independently and provide a constant
reactive power ●baorptlon. In Fig. 4 the SMES real
power slowly incraaaee ●nd one bridge speratee almoat
exclusively in the ractifiar mode, while the other
bridge oparateo ill the inverter mode. In Fig. 5, the
StW!! unit follows a narrow band noiee rignal demand.
The bridgee ● re controlled with equal phaee delay
●n~le. Both poeitiva ●nd negativa meximum voltagea are
reached. Limits for a 0.3 Hz ●inuaoidal input are
28.3 Nw in )M mode ●nd *4.7 NWin CQ mode. The CP mod-
ulation range with Id = 4.5 M la 7.3 to 11.3 t+VAR!
regardleca of frequency. EA and CQ mode power levels
of t8.6 and *5.O tfw, raapectively, ● re ●tt~ined with
tha tranafoneer tapa ●et for a higher output voltage.

Power Coneumptton ●nd Loaeea

Auxiliary ●quipment - pumps, compraaaora, blowers,
●lectronics - consumed ●bout 30n kW of power. The
meaaured convartar ●nd transformer power loaeee were
●atabliahad to be 250 kW at ● coil current of 4.5 U.
Thus, the SMSS ●yetem ●fficiency in ●bout 94%.

Tha only technique ●vailable to make the coil Ioaa
meaaurementa la to note the ●taady state change in
compraaao? uuction praaaure cauaad by coil cycling at
flxbd powar ●nd frequency ●nd to compare th~ result
with that obtained by calibrntlon data for the
rafrigcrator in the form of t?omprasoor euction praaaure
aa a function of known haat inputs from a cal.ori-
metar.g Table I gives experimental reaulta at two
valwaa of power ●nd thrae different frequencies for
coil Ioaeea, ●a deducad from the comparative calorl-
metar meaauremenca, ●nd the pradletad loaaen.

Oparnting Experience

Except for ● faw brief intervala, the SMF,Scoil waa
kept ●t superconducting temparaturen since it waa ffrnt
●ner8izad Fabruary 16, 1983. Until October 31, 1983,
tha coil vaa anergized only during ata~ed tents, which
usually exarciaad the unit for ●oms tan bourn par d~y.
The cumulative teetin~ tima with powar modulation wae
●pproximately 120 hours. An eatimetad 30% of thin time
tha flNES unit ran at powar outputa of f8 w ●nd abova.
Binca Novamber 1, 1983, the Ulil t was run over
10LM hours with ● narrow band white noine modulation],
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level of qMES raal powar mod~ilat{on ●nd can neceae{tate
conaidarable rafrigarat~r adjuetmant. Recovnry froti ●

protracted refrigerator outaga, ●. cauaetl by a power
outoge, ia tedious ●nd complex. These probleme were
compounded initially by overly eenaltlve protection
logic, inadequate ●larm,, ●nd •me!~ing protocole for
alarm ●ervi~tng. ‘f’ha prohlamn ●atociatad with protec-
tion war. allaviatcd aubctantfaliy.

l%- rafrlterator ●nd cooling tow~r exparlanced ●om
mechanical component Kailuram. Thcne wero usually
repaired within hours by BPA poreonnel. The conee-
qwancea of two w.chanlcal design d~fecta, on~ within
t!a rafrigarator ●nd one in ● hailum tranafar line,
wrnr~ moro tteriouo.9 The first der~ta~ Lho tefriaerator

spectrum. Over 106 CYCICS of power to and from tha
coil were accumulated.

DurinR the aarly taate the convartdr requir~d modent
7 The coil ~nd dewar functtoncdrepair and maint~nance,

to full cpecific.ntlonu. Within the cr:~ogenlc ayotam,
how~ver, the hali’m refrigerator wae ● pereimtent
●outce of hardunr~ ●nd operating problamn. Some of the
pr(~hlam~ w~re ●nticipated becauee funding limitation
of the project pr?vantml th~ refrigerator to be fully
automated, The refrisarator r~npondo very ●lowlv to
●djuntrnentn, with tim~ conetante of up to 12 hour6 in
the control loop ●nd with enough backlaah ●nd other
nunlln~nritian to rendar dial ●ettinsn not very
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TABLE I

EXPERIHIWTALANU EXPECTEERESULTS POR CYCLICLOSSES

L.& 1.Q 32 ]7
(..L t>.k 33 19
L-. . Q. ? J& 21

by about 302 and tha ●acand incraam~e the hsmt lomd to

tt,mpcll,tthat ●untalnahle !!HF5 pm-r lm ●bout k Wrma
lnmtamd of the ●xpactsd 7 MWrnm.

Conclusion

The raaulta ●stabliah that the Tacoma SFfES unit la a
versatile and reaponaive device for pcser system
testing and control. Ita ●lectrical operating range,
thotigh modest, ●atiafied design requirement, and ccald
be extended. Frrxn Novamber 1, 1983 until Ilarcli 8,
198L, with the excepticn of brief acaged teeta, it waa
continuously modulated by a narro~- band noise aignzl,
=epreaentatlve of stabilizer operation. rJver 12GQ
houra of eperation with modulation wer. accumulated.
The continuous modulation addresae4 an objective of the
project to acquire an initial baaa of operating
●xperience for ●atimeting the cost ●ffectiveness and
special requirements of aupercond,l~tink power equipmtint
and to provide an opportunity for gathering powzr aya-
tam data, useful for tuning the modalacion al~~rith=,
for meaauring long term refrigerator capabilities, arid
for ref~ning operational procedural. The experiment
haa concl~aively demonatratad that SHE5 can operate
auccaaafully in ● complex bcility system.
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