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ABSTRACT
A 30 HJ supurconducting magnet{c wnergy storage
(SMES) svELem wvas

desizned and developed for

application {n the Western U.S. Power System to damp
powur odcillations cthat limit high voliage a.c.
transmission. The rystem 18 in place at the
Bonneville Power Adminisiration (BPA)

Suhstation and has been in an experimental use for

Tacoma

oVer & Yyuar. Exvender operations uf the unft have

bren undertaken with sJccuss, The

physical,
wlectrical, and operational ftes'ures of the SMES

syslem a:re Rivern.

INTRODUCTION

The 30 M1 SMFS aystem was deviged v modulate the
BPA  Pacific AC Intertie, a part of the Western
U, &, Puver Sye=iem, Lo

prevent undan,;ed pover

osciliat!vna at 0.35 Hz that vere observed to be
nvrocinted with high power transmisaion. The concept
of using SMES tu stabilize vwtilfity psystean wan
supgented in 19731 A formal tw  the

wpartment  of Energv o Iiniriate a proaean for a SMES

propos.}

sysitem Lo damp vecillativona on Lhe BPA Pacific AC
Interife waw propourt in 1978.7  ~hu SMES ayatem wan
banwd on a 30 M1 superconducting coll, designed to
operate at & frequincy of 0.3% Yy with maximum current
and field of 4.7k and 2.9 T, ‘The aystem wvas
10 MW,

Arrangementn wery made hotween the Los Alamos National

eatabl{nhed to have a pouver =ating of

laburatory and the APA tu {nrtall the RMES syalem a'

13.R kV

Installation

the Tacoma Substation to interface through a
bus to the Wuaturn U. {. Power Systiwm.
of the SMES syster occurrwd during 19R2-R3.

The inftial objective of the SMES program was to
provide a relishle, highly available alternate meann
to modulate the Pacific AC Intertie to damp unwantied
power wuscillations. BPA had already devised a mrana
to provide the necessary transmissfon stabhility by
modulating the Pscific HVDC Intertie at the Celiln
converter station, vwvhere the 4, c. line {nterfacen
with the a, c. arid."*"® Clearly, v.e SMFS aystem van
to be an experimental device. The prolect oblectiven
ware altered hacause hoth avallability and relfahility
are not sufficient. With thiy knowledge, BPA umen the
sYSlem to anneas pover avatem dvnamicn with real and
reactive pover an variahlea of Lhe SM.S unft: o
tnvestipate Lhe varlabllity of power aveiem dynamica
with times and operating -onditfona: to amunftor the
effects of chanpges in loads, clomely coupled to SMFS,
upon the pover avatem refponae Lo SMES modulation: and

to develop stabilitv contrul techniques.

SYSTEM DESCRIPTION
The SMFS

subayaLemn,

facility in organized into thirve mafor
namely, energy astorapge and tranafer,
cryu.onlc‘( and lucal control and data acquinitior. A
OMES |y||‘n {s hane upon the nondissiparive feature
of auperconducting material carrying d.c.  current,
For the I Ml coil, the superconducting material (n

the ductile alluy NhTI, {mbhedded an fine filaments in



a copper matrix. Small eddy current and hysteresis
losres do occur in superconducting cables as a result
of the magnetic field variaction when the SMES coil 1is
charged and discharged. Othe= heat loads to the 4.5 K
liquid helium bath are from radiation and conduction
through the containing dewvar, heat conduction down the
vapor cooled leads, and Joule heating in the helium
vapar cooled leads that deliver the powsr to the coil
at 4.5 K from ambient conditions. These heat loads
arev compensated by a CT1 (now Koch Process Industries)
Model 2600 helium r-frigerator. The refrigerator also
cools the storage: c¢oi]l from ambient teaperature to
4.5 K and liquufies the helium for the coil dimmersion
bath.

The SMES aystem inter”+r_.y with the urility
bridge

convert.r. The charging-discharging rate and the

through transformers snd an SCR Graetz
power flow between the thrye phase povwer line or bus
and the coi]l are de ermined by the amplitude and
polarity of the hridge voltage. A phase controlled
converter 1equires reactive power from the a.c. bus.
For the 30 MJ avstem the reactive pover compeusation
requirement cah be addressed by operaving the
converter {n the constant 0, buck-hoost mode,’

The SMES avstem has current and voltage operating
limive. The short sample current or limiting
transport current of the superconducting cahle and the
aechanical structure uf Lhe coi]l determine the highest
ops rating current. Appropriate deaipn factors are
provided 10 assure safe operstion. These include
ample th rmal marpin for the superconductor to remuve
heat from eddv current and hysteresin lomases and
fradvertent heat pulsen that may arfme from unplanned
put  quite small, wsudden conductor movemsnt. Strenn
and sirain marpina are denignod finto the coll
Alructure and the superconducting cobhle. fyclic
atrenn conniderationn for 10% ¢ycles arising from 1007
ALofei  enerpy chanped tu 67T and back to 1NOX at
0.1 He were Included with corponent testing done to
anmiry  preper perfurmance.®  The cholce of an enerpy
atorape «oi]l (v operate hetween 20 and 30 M) {0 baned
upon reduci.p loases in the superconducting cable with
a reaidual hlan of magneiic fleld. Thene factors, in
turn, determine the deafrable lower current level,
althouph, of c(ourse, the ¢coil can he completely
dincharged.  Cofl protection by rapid energy discharpe
fnto & remfrifve dump clircuft requivea a higher
withetand voltape han  oes normal operatfon. The

13.7% MW convertier uperates between + 2,7 and -2.0 kV,

whareas protective energy release requires 5 kV
withstand capgbilicy snd dictaras the desired voltage
level.

A unique feature of the 30 MJ S!MES sta.ilizer
systenm is the nonconducting devar. Because of the
0.35 Az power flow, eddy currents would be induced
with resistive heating of s conventional stainleas
stee. dcwar and would create an intolerable hear load
to the liquid heliwm bath with an 1incresse in
refrigarator requirements. Purthermore, an
oscillatory force could be detrimental if the coil
vere even slightly off axis in a metal dewar. The
consaquence of this set of conditions was to have
nonconducting fiberglass reinforced epoxy devar, the
largast in the world, wmade to hold the 30 M)
superconducting coil.

The refrigerator is supported by several major
componants which are trailer wmounted. These ars a
heat rejection trailer, an evaporative cooler, to
remove the compressor vaste heat: a high pressure gas
recovery trailur with diaphragm compressors to pump
excess boi)l-off helium g'n into storage: a railway
tube car for the gas supply and atorape: and a dewar
trailer for storage of 1iquid nitrogen. The nitrozen
is used in a first stage heat exchanger of the
refrigerator to conl the helium gas and to trece the
radiction shields of the hesfum tranafer lines between
“he coll devar and thie rafrigerator. The completed
fnstellation, a shee pilece and a toibute to the RPA
engitievring and crafis employees, is shown in Fig. 1.
In the far right foreground is the railway tube car
for the helium pas supply. Following from the right
foruground are the contro! trailer, lfiquid nitrogen
trafiler, gasn recovery aystem trailer and refrigerator,
and the hert refection trajler. In the background are
the aeimifcully mounted devar/coil and the converier,
right rear, with {tn pover trenaforeers.
shows the 0 M

nonconducting

Figure 2
super-o: ducting cotl in the
devar, mounted on the specially
conmtructed aelamic foundation adiacent to the helfum
refrigerator Lrafler. The heliun 1iquid delivery and
cold pas return tranafer 1inem hetween the dewar and

refrigerator run uverhead,

SYNTFM OPERATION

The BSMFS syatem was placed into oporﬁtlun in the
APA grid in Februacy o 19R%, The  avperconducting
¢oil, vapnr cooled lamds, noncenduciing devar, and

vacuum avatem all funciionsd to denign apecificarions.



Fig. 1. 30 M) SMES installaction at the BPA Tacoma Subsration.

Fig. 2. 306 M) SMES cofl/nonconducting devar installation gt BPA Tacama Suberation.

A toll currant of 5.4 kA vae reached 1n contrast to
thy norael manimym operating current of &.9 kA, The
cohveiler wam operated at 2R.} M with power tu and
from Lthy cull at frequencies ranging from 0.1 to
1.0 e with parsllel modulation of the bhridees and a1
26.% M’ rual power with up to 9.% MW reactive power {n
conptan VAR mude.

The converiter congists of two %.% RA, 1,29 KV
a'-=pulse bridger in aeries as thown in Fip. 1. Each
bridge 1w energized by @ & MvA tranaforper connectled
tu Lthe BPA 11,% kV bua, whichk has 8 short=circuilt
capac’ty uf rovghly 100N MVA, A hypssa circull across
w@ch bifdge provides an slternate current nath in case

f bridge malfunctions, and a dc br:aker, that can

L]
0-PyULOE BMDAE (2 28 v 8§ na)
BvYPaAgS BCRE
DUMP ARSIBYOR (' 0A)
DC BREanER
SUPERCONDUCTING COn. (R B4 M)

Pip. 1, OMFT unil electrical achemati.,



insert & 1 ohm resistor 1in wseries with tha coil,
allows stored energy to be dissipated as heat. This
energy release circuit is activated upon detection of
a.c. line loss or a converter failure.

A test of the system response is shown in Pig. 4,
wvhich compares equal awplititude (EA) modulation with
constant Q (CQ) wmodulation.
Modulation limits for a 0.3 Hz sinusoidal input and an
average current of 4.5 kA are 38.3MW in EA mode, and
t4.7 MW in CQ mode.

The refrigarator subsystem, composed of the

constant VAR or

refrigerator iteelf, the 1liquid nicrogen storage
traller, the evaporative cooler serving as the heat
rejection subsystem, and a high pressure gss recovery
system, al]l operate in essentially manual mode
operation. The liquid nitrogen trailer is passive and
supplies 1iquid nitrogen by presar tharmostated
wetering valves. The heat rejection trailer has a
main coolant pump, a blower, and a spray water pump,
all of widch run continuously. The high pressur. gas
racovery system has two Corblin compressors in
parallel that operate to pump helium pRas from a low
pressure storage tank to the railway tube car by
on-of f operation betwacn two preset prussure levels
detuctwd by pressurstats. The low pressure storage
tank s supplied from the ref-igearator compressors
vhen the refrigerator valving is set in "Recovery".
All three supporting refrigersior subsystems wmaat
denired

contruolled operation of the refrigerater vas foregone

functional requirements, The computer
because of limited budget and the shoriened program
period. The refrigurator runs continuously and ia
monftored regularly with control ad fustmsenin made so
required. Intenal control loops of the gan hearing
turhinen: avme nredsure regulator, rellef type valves:
and A heater in the {nternal cold hox JT valve dewar
are used to control the refrigerator.

On several occasfons the Jevar var irolated from
the refrigerator and allowed to vent frealy to the
atnospherv. The gan vent rate, sonitored for up to
eipht  huurs, drops aharply for une Lo twn hours and
then in stable, with tne power 1leadn verting pan
equivalent to 1% /b and Lhe dewar 17 £/h liquid.
Thare are Lthree major contributions to the devar heat
leak in thim confipuration. Conducti{on dowun the cotl
supporin, dewar walls, snd, moat {mpurtant, down the
helium gar column: - this heat must be intarcepted by
upflowing helium pas. One

dimaneional computer

calinlationn  predicied a 1Y £/h botloff, Conductio

down the power leads, intercepted by upward gas flow:
- calculated boiloff rate of 8 L/h for both leads at
gero current assumed a lead of constant croas
sactional ares. The real leads have a very hesavy

section for tne upper 202 of their length. Llaboratory

_measurements yielding 15 L/h were perforsed in a lossy

devar and are thus as difficult to interpret as the
presant results. The mesanurementa did show, however,
that boilofr rate was Independent of current up to
S kA. Radiation through the dewar uides and bottom
was calculated to be 28 t/hr.

These three additive.
Calculations show that helium vaporized dy radiation

effects are not

can ba used to intercept tho conduction loada on
almost a ona-for-one basis. Radiation cannot bae
separately estimated unless it Js bigger than che
total devar plus lead flow. 1In that case the devar
11d and lead tops would run unusually cold, contrary
to observatlon.

The saparate devar and lead flows adjinst to
provide minimum total boiloff consistent with valve
settingm. Further, we have determined that a dewar
vant rata of 12 L/h minimizes the refrigerator load.
Thus, each separate vent rate must be close to
miniaun.

With the refrigerator attached to the coi! dewar
in closed cycle oparation there are three¢ addi-iona)
‘"eat sources in the eystem. A calorimster heutar
located at the high presaure side of the
Joule-Thompson (JT) valve can be adjusted to introduce
[} knnwn  amount of pover {into the system for
ralihration. When the coil 1is modulated, hear 13
The heat load at § kA

The helfvm tranafer linen are

deposited in the heifum bath.
d.c. 1o lecs than 5 W,
l11quid nitrompen traced and should have a heat lenk of
% W. Two obvious cold wspots at joints, howvever,
serfously affect system performance.

An the load on the oeystem changen the
refrigerator automatically adjusis f{ia capacirty w
meet the changed load. Conelder, for inmtance, an
ifncraane in coll wmodulation that resulta (n &
helium

System presauren rice: and hecauns Lhe

Lransient emcesn of vapor{eatfon over
1iquefaction.
compresnsor throurhput ia directly proportiunal to the
suction preasure, the liquefaction rate rinen unti! 11
just matches the nev vaporisation rate. The mams uf
1{quid

level riser noticeably dur to thermal enpansion. The

11iquid dropa fmperceptibly and, in fact, the

syatew time conatant (e very lonp, due principally
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Fig. 4. Test of EA varsus CQ modulation.

the presence of 5700 & of liquid helium, Thus,
without any operator intervention, the system foilows
slovly changing loads, ignores rapidly fluctuating
louds, and operatea very stably at constant lowu.
Flgu'e 5 shows calibration data Ln the form of
compressor suction pres .ure as a function of
calorimeter power. All points were taken with at
leant a 12 h equilibration time. Non-linearity may be
bet.ause system temperaturus also change with heat
{nput, leading tu changen 4in turbine and JT valve
efficiencies. Figure 3 represents only changes from
equilibrium; an absolute calibratfion resulta if one
accepts the advertized performance of 200 W at
1.29 MPa (1A.7 psin) coampressor suction pressure with
full LN, flow. This suctton presaure requires 35 Wof
calorimeter heat. The bachground heat load of 163 W
in  ~omprised of 90 W (27 R/h) for the devar and leade

and 7% W of tranafer line losses, Becaune the
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devar/leed flow 1is completely satisfied, any lrall
incremental heat input into the system can be
observed. About 220 W refrigeration car be ubtained
at maximum compressor discharge pressure. With some
safety margin, therefore, the system will tolerate 45
to 50 W of {ncremental, steady state power.

The only technique available for coil loss
measurements is to note the eteady state change in
compressor suction pressure caused by coil cycling at
fixed power and frequency and to compare the result
with that shown in Fig. 5. These measurements are
tedious and error prone due tu the long aystem time
constant and the resultant uicertainty caused by alow
diurnal drifts in eystem pressure and temperature.
The minimum detectable pow:r increment is adout 3 W.
Table 1 gives experimental results at two values of
power and three different frequencies, comrared to
predicted results,

The computer is uded to monitor the SMES
subaysterns. Because it {8 not used for control of the
refrigerator, only a minimum number of data poinis are
monitored. Control of the power aide of SMES {s
through the computer. Both parallel and buck-boost or
constant VAR modulation of the converter bridges are
accomplished by computer control.

SMES systems have been advocated as efficlent
energy storage systems for diurnal lowd leveling. The
efficiency of a small SMES unit is not expected :o be
unusually high because amall helium refrigerators are
inberently 4inefficient. Regardless, power losses in
the transformers and converter are about 300 kW, and
auxiliary power to all

about 400 kW, Thit

other support subsystems is
latter s for running the
refrigerator compressors, the heat rejection subsyatem
pumpr and hlower, Ras Trecovery compressors, several
fans and vacuum pumpe, and numerous small components.
Thuk, the power losRs of 700 kW 1s only 7% of the 10 MW

peak modulation rating of the SMES stabilizing sysatem.

TABLF 1

EXPERIMERTAL AND EXPECTED RESULTS FOR CYCLIC LOSSES

Pm f Expet. lLoan Predicted Lomn
oM (e () (%)

L 1.0 Y4 k1

b 1.0 LY. 17

4.4 0.4 33 19

4.4 0.7 Y% N

SUMMARY

The 30 MJ SMES asystea, designed to damp unwanted
porer oscillations on the BPA Pacific AC Intertie, vas
completed. The system vas Installed at the BPA Tacoma

Bubstation and wan successfully operated in

mxperiments conducted on the Western U. S. Power

Syatem. All major components met the functional
design requirements, except the refrigerator capacity

1s limited, end the computer control of the

refrigerator subsystem was not accomplished.

Experiments with the SMES system covered a wide range
of power levels with frequencies from 0.1 to 1.0 Hz.
Both parallel and constant VAR wodes 0. convertar
bridge modulation were used cuccessfully. Operation
of the SMES system was traneferred to BPA, and the

system nas aow been operated for long periods.
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