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SUPERCONDUCTINGNACNETIC ENERCY STOMCE FOR SLECTRIC PWIER SYSTE?f DYNAMIC STABILIZATION

R. D. Twrner

University of Celifoxnia
Los Alaaoa Scientific Laboratory
Los Aleao8, New mxico 87!h5

ASSTRACT

A Superconducting Negnetic I!uergy Storage
(SNES) ●yeten ie baing developed ● t the Loe Aleaoa
Scientific “Laboratory (LASL) for ● dynemlc
stabilizer to ba installed in the Bonneville Power
Mminiacration (EPA) power syatera ● : Tacoma,
Washington, by 1982. Thie unit will be ●n ●ltarnate
stabilization method to the dc modulator noii uoad to
stabilize the 900 mile, ●c Intertie between IIPA and
Southern California. Tha gena ration cent rol
syatema’ reeponae to the constantly occuring,
email-load and volta8e changee csn result in
negatively daeped, low-frequancy power oacillationa.
The dc modulator provides stabilization by fast load
control of the High-Voltage dc (HVDC). lhe SUES
unit cone iate of ● 30-MJ solenoid, ● 10 NW
convertor, ● liquid heli~ dewar and euxiliary
systeme which operate independent of the HVDC
●yatem. ‘lha SHES dynamic stabilizer deei$jn 10
presentad harain, with ●tatua information ●bout the
●uperconduct in8 coil* the converter ●nd other
components of tha SM!S dynamic stabilizer will be
aummerized.

ADVANCES IN SUPERCONDUCTING TECHNOLOGY HAVE
PROORESSEII in racant years to indicate that its
utilization by the electric power induetry will coon
bacoma ● reality. me zero okic reaiatance of ●

auparconductor makao it unique. In solenoid form, a
superconducting coil la ●amentially ● clasaical
inductor that can ba utilized to etora energy
through ● high dc currant with a very long L/R tima
constant. Any resistance ariaea from joint- in tha
superconducting cable. Other emall loaeaa arise
from ac affacta (hyataraie ●nd eddie Currente)during
charqa ●nd discharge of tha coil.

A SM!S unit is balng developed at LASL for
electric powr ayetmn dynamic stabilization. This
unit will be installed in the BPA power ayotzm at
Tscmna, Washington by 1982 and will be an
●lternative to the 40 W-tic modulator which la now
being used to crznpaneate for the HVAC intertie”s
underdaaped characterietlcs. TIIa S!4ES unit will
operata Independently of the HVDC LjyfJtemto provide
damping to tha ac eystm.

Tha Pacific Northweet-Southern California potrer
intertie coneista of two very hrgc genera tOr-10ed
complexes located at the ●nde of e 900 mile,
relatively vaak trarranission ●yat-m, Fig. 1. %ie
tranmniesion eyetem ie made nf three ●aparate
trananiselon linee which ara electrically parallel.
h, 3-phaea, 500-kV #c Iinee, which also have ecnae
230-kV ●ectlone, have a thermal daeiRn rating of
?000 NW each. The HVDC intertie in the third syatzm
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Fig. 1. - Pacific intertia tranemianion eyataa
routee and dynamic stabilizer

which haa a 1440-FIW trananiaeion capacity ●nd la
operated ●t i 400 kV. ‘3111s tranemisaion system.
becausa of ita siza and length, ia an Intarreglonal
intartie which characteristically requiraa more
extanaive stabilization than la crxamonly neadad by
radial intartie power eystema(2). Operation of the
intertia provldee for the ●xport of power to
Southarn California during pariods of excess
capacity and tha day-today off-peak •m~rgy exchange
between power regions required for load profile
economic diepatch.

Sefore the initial ●nergizing of tha a’!
intertle, ●tudiea had ehwn that under come
load-generationcondition negatively damped power
oeclllutiorm were likely tn occur. These would
prevent the designed operrtinR power tranemieaim
capacity from bein8 raalizad (3). Initial oparation
confirmed the predictions, ●nd a tranemiesion power
limit of 1700 NW wan uned until Power Syetem
Stab:llzer (PSS) control nystema were Inotallad on

the generators (4). l%e PSS improved the ●ystem”s
dynemlc atabillty, and atabla power tranaraieeion ●t
2100 mu wa ● achieved until mid-1974 when
spontaneous, negatlvaly danped, power oacillatione

*Nm.hers in paranthenee designate R?ferencxra at end
of paper



of about 300 NW peak-to-peak -plitude ●t 0.35 ~Z

frequencywar- obsw’ved ●eworal timox t’hro~houtthe
W.st.rm Intcrconnacted Power Syotem, (3) Fig. 2. In
197s, ● 40 W, dc modulator was installed by BPA to
provide ●dditional dmaping to tha ●c intertia by
meana of faat load control of the WDC tyet~. ~ia
i~rovad tha ae ●yztem-a stability to ●now tha 2100
MU tranmsiaoiom operating limit to be Increaaad to
250n?W (5)*

Repraeentatlvea of BPA ●nd LASLaat in 1975 to
explore tha feasibility of ● msall S14ES unit for uaa
●a a dyn-ic stabilizer on the SC intertia to
provide ●n ●ltamate ●yettm to the dc modulator that
would not ba subject to tha iWDC ●yaten” a
unavailability. AX of now, two iteration of the
SUBS dynmic ●tabilizar daaign hava bean c~leted
(6) . Tacoma, Washington, haa baen choaan aa the
location for the installation of the ●tabilizar
unit, ●nd ●ae componant fabrication contracta hava
baaa placed with ccmmarcial manufac:urera.

SFO?.SDTNAHIc STABILIZATION SYSTSM

A WCS dynaic stabilizer consists of fiva
●aj or c~onents--a ●uperconductin8 solenoid. ●n
ec-dc-zc ●olid-dtate coulartaro a liquid-halitxa
dewar, ● liquid-helitm rafr18erator, and ●uxiliary
and con:rol ●yatsma. Tha functional relationship of
theaa cnmponenta la aharn in FiF. 3.

IhQ technology baae needed fcr these ccmponenta
currmntly exists in tha various induetriea’
stata-of-the-ert. With tha excaption of the
●uparconduc t ing coil ●nd tha davar deeign
●daptat lone of currantly manufactured equi$saant can
be utilized for tha ●yataso %th the
superconducting coil ●nd its dewar must be designed
for the requiremanta of aach ●pplication. BPA haa
parformed ●tudiae ueins ● modeled SMES unit in their
syetea ●e ●n ●ltarnata dynamic atabilisar for tha
WAC Intertie. Thay have recommended that the SMES
●:abilizer’s powar-absorption, pover-dalivery
capacity ba t lo MU. A t 5-MU power ranga of

operation p’ovidea eaaentially ●ll the stabilization

I
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FIB. 3. - Nejor ayatas cmsponente of ● SUES unit

neadad by the WAC intartie Purdue University hsa
confirmed the previous BPA work throu8h power system
●mulation studios of tha SHES unit stabilizer’s
atw?age capacity, ita power level ●nd time raaponaa,
●nd the expectad control systa behavior.

Tabla I la ● ●!mmery of the aUparconductin8
solanoid’e daei8n ●nd operatin8 par~eters tosethar
with the preliminary dimanaiona.

SUPERCONDUCTINGCOIL

Moat suparconductin8 solenoids that have baen
deai8ned in recent yaare and raported in tha
literature are for applications that need lar8e
●ner~ stora8e capacity such ●a fusion power
axpariments and daily load-levaling of alectric
utility p-ar profilas (8.9). In contraat, the SMES
dynaic atabilixar raquires relatively mall
quantities of energy etora8e that wI1l be cycled in
●nd out of the coil many thee on a daily basis for
periods of ● few ●aconda” duration. lha aconomics
●aeociated with coil 8aometry optimization (9) favor

* eolanoidal ●spect ratio (dlzmeter-to-hei8ht) of
apprOXiZIately 3. Tha coil’s atorad aner~, when
fully char8ed, la to ba 30 MJ. Amaximum anar8y
tranafer of 9.1 MJ to the ac power eyatem ie tha
daai8nad diachar8a limit* Limitin8 the
dapth-of-dischar8e mlnimlzaa the cyclic strain and
megnatic fiald variation on the COI1 and zyst~

cmaponenta, raducee the rafri8eration haat load, ●nd
reduces the structural fati8ua load ●e compared to
operation at 8raatar dept-of-discharge limits.
During a dischar8e cycla, tha coil currant decreasee
from 4.9 kA to 4.17 kA. At the aaaa tima, the

TABLE I - DESICN PARAMETERSOF A 30-MJ
SYSTIW STASILIZINC St4ES UNIT

Maximum power capability, MU
0peratin8 frequency, Ss
Enar&y intarchan8a, ~
Maximum stored energy, W
Coil current at full charge, M
Maximum coil terminal voltage, kV
!faxinom field at full char8e
Inductance
0peratin8 tsmparatura
Naan radiue
Hei8ht
Padial thickneea
Ntznbor of turna

10
0.35
9*1

30.0
4.9
2.13
2.8 T
2.5 H
4.5 K
1.53 m
1.15 m

40 cm
900

rig. 2* - NeRativaly danpad ac intertie oscillation
recorded August 2, 1974.



magnetic fkld mximum at the conductor decreasee

from 2.8 T to 2.3 Y. Table If la a etmmary of the
muperconductw coil par-etere.

TtIe maximum axial streee in the coil 7.2 HPa
(J050 pal), occur. at the axial midplane ●t the mean
coil radiue. 2f thle ●tress la cerried entirely by
the conductor support strap, the resultins atreea in
the strap is 25 MPa (3700 psi). The meximwe radial
etreeso which occure near the averase radius in thti
axial midplane. is 20 &tPa (2900 psi) compreeeive in
the strap. ‘he hoop etrees maximum of 280MPa (44
000 psi) aleo occure at the coil midplane in the
strap. ‘lhe main structural material in the coil
structure will be C-10 epoxy-fiberglass.

A contract has been awarded to Gulf General
Atomic Co. for tha detail deeign of the coil.

SUPERCONDUCTORDESIGN

The conductor design and its eupport are
patterned after the Ueatinghouaa coil constructed
for the LASL/Magnetic Energy Tranafer Storage (METS)
progr~. ‘Ihia coil wae repeatedly cycled from ●n
initial 300-kJ energy level to a c~lete discharge
without ●xperiencing a premature or unexpected 10s8
of superconductivity. For the BPA application, the
METS superconductor has a modifiad filnment
cnmpo9ition with ●dded copper to improve ita
cryostability ●nd maintain its low lose
charactarietice. Figure 4 in ● photomicrograph with
500X magnification of the superconductor to be used
in the cable for the coil.

The firet aubcable, the fundamental unit of the
cable comporite, la ●n ineulated, array of eix, 0.51
mm di- copper conductor spiral wtapped around a
ce;e~~ superconducting etrand of the ●mae diameter.

film ie proposed ●e an insulating wrap for
the firet-level subcable. six, first-level
●ubcablee will be cabled ●bout an inactive central
coppar or superconducting core, which will be used
to detect reaietive regions. Ten of the
second-level eubcables are epinal wrapped around a

●
duPont Trademark

TABLE 11 - P~JIIETERS OF A 30-MJ SYSTZM
STABILIZING COIL (6)

Energy stored at full charge, JIJJ
Ener~ stored at end of diacharga, W
Current at full char8a, ti
Insulation standoff voltage, kV
Maximum field ●t full charge, T
Inductance, H
Operating temperature, K
Mean radiue, m
Jlei8ht, m
Radial thickneaa, m
Nunber of turna
Conductor lenuth. m

30
20.9

4.9
10

2.3
2*5
4.5

1*53
1.15
O*4O

900

l%?i volume, M3 -
865

2.34 x 10- !!

Nt’[ima8e, kg 131
Composite core mass, kg 756
First subcable maes, kg 5750
Second aubcable maaa, kg 6750
Strap maes, kg 385
Current density in copper at 4.9 kA, A m2

{
6*7x 10 ?

Current denmity in superconductor, A/m. 1.3 x 109

Fig.
with

Fi8*

I
4. - A photmicrograph of NB3Ti/Cu superconductor
a 500X magnification

m-EA#nn ‘

5* - Superconductor cable composite

supporting etrnp to form the complete conductor, sea
Fi8. 5. -

Fabrication of the 0.51-mm-diem superconductor
haa baen completed and short ample teatin8 haa been
done to develop atattetics for the mean critical
current-background magnetic field characterlatice.
Also, the etandard deviatlou and other statistical



parameters have beee evaluated to determine if there
are significant dffferances among lots of the
superconductor.

The manufacture of the BPA superconductor
required nine, heat-tr~ated batchea to produce the
complete order. Seven randou aaeplea were taken
from ●ach he=* -treated unit and a short azwnple
critical-current teet waa performed on each. lhe
critical-currant mean is approximately nonsa 1ly
distributed for the entire pOpU ation.\ ~ At4.5k,

‘critical - 123 A (Jc - 2.42 X 10’ A/cm ). ~th a
standard deviation of 5.6A. Tltia ia approximately
15% greater than the value used as a baeia for the
coil design.

CONVERTERSYSTSI’I

A line-ccmsnutated converter, Fig. 6, provides
the electrical interface between the superconducting
coil and the BPA power system. It ia a Graetz
bridge circuit in which the semiconductors ara
silicone controlled rectifiers (SCR), which can be
operated in either rectifier or inverter modes. The
converter providea three basic functions; to provide
a dc link between the converter and the
superconducting coil, to provide ac coupling between
the convarter aod che ac power ayatem, and to
provide the needed isolation between the ac and dc
circiuts, Fig. 6. In the rectifier mode, the
converter abaorba power from the ac syatam anti
converts it to dc for charging the auparconducting
coil. Conversely, in ita inverter mode, stored
energy ia reconverted from dc to ac power and
returned to the ac power ayatem. A twelve-pulse
converter will be used for the BPA stabilizer. in
which the transfomner.a dual-secondary, A-Y windirga
provide a 30° phaae ahi.t of the 3-phase line power
for 6-phase ac to the converter”a ac terminnla.

IWalve-pulse converters provide dc with a lower
ripple content and lc.wer harmonic content whit;
reduces the filter reosirement needed over what can
be obtained from a t-phase, 6-pulse converter.

The converter design parsmatera ara determined
fran the ❑aximum sinusoidal power demand with the
operating frequency of 0.35 Hz and tha coil
charscteriatica. For a maximum power of 10 MW, the
anergy exchange required la 9.1 MJ. The maximum
coil current of 4.9 kA, determined bacause of
superconductor considerattcns, is a!eo the maxi,num
converter current. ‘I%e maximum converter voltage
will ba 2.13 kV at a current of 4.9 kA. Tile
converter has to be designed for the maxj mum

3-PHASE
AC SYSTEM

3 ‘w
TRANSFORMER GRAETZ-WOOE

1vi

COIL

I

I

voltage. For a 10Z commutation reactance and load
currents of approximately 5 kA, the no-load voltage
of the converter should be 2.5 kV. The installed
converter thus has a power rating of 12.5 MU.

The Robicon Corp., Pittsburgh, Pcnnaylvania,
has been awarded the contract to build the SMES
1O-MU converter, which is scheduled to be completed
October, 1979. Figure 7 1s the 12-pul.ve converter
circuit showing the electrical components that it
will contain. The converter SCRS aa shown in Fig. 7
are Westinghouse 53+m cell= which have a 3200 peak
inverse voltage rating and are mounted on air cooled
heat afnk.e. Eight SCRn must be mountad in parallel
for each of the 12 sections in the converter and
each will be equipped with current-balancing
iductora and protective fusing. lhe SCR gate drive
will be a dual, hard-gate drive impulee combined
with a pulse auatafner “back porch” current.

Converter control will be by analog input for SCR
conduction bstwee 10° and 165° phase angle delay
range.

COIL STABILITY, PROTECTION AND LOSSES

Although the proposed coil and conductor will
be eelf-protecting under re8ular operation. there
may be circuastancea which require a backup

protection system to diacharee the coil quickly. If
the ac-to-dc converter were used to discharge 30 MJ
the decay rime constant will be 5.5 e. A discharge

of coil energy through the converter to the ac line
a: the wrong time might trigger an instability of

the type the unit is designed to control.

Therefore, the cofl energy ia to be dissipated in a
l-otmt axternal reaiator, with a terminal voltage of
5 kV and an L]R decay time of 2.5 s. Laboratory
experience indicatea that the quench detection

cenaitivity against a background 2-kV operating

voltage would correspond to approximately one normal
turn. A thermohydraulic analysis shows that if the
heat transfer does not change with time, the
conductor will simply remain at a temperature of

Wa m mm $rww Smllllrw

Fi8. 60 - SMES converter system basic circuit
Fig. 7. - St4ES BPA power system dynamic stabilizer
converter circuit



approximately 10 K. lhe additional boiloff caused
by tha increased heat load of 33 W per normal turn
could be ueed to trigger the protection circuit. If
a nunber of adjacent tu?ns in the e~e layer are
normal, the volume of gaa generated may reach a
critical vapor fraction which could cauae
vaporlocking. Celculationa show that the electrical
protection eyatem should detect a considerably
smaller normal region and should trigger well before
ouch a situation occurs.

CRYOGENIC COMPONENTS

me liquid helitm dewar, refrigeration system
and associated peripheral provide :he 4 K
temperature environment for the superconducting
coil* Dewar design la contingent upon the
completion ~f the final ceil design. It will be
fabricated of an Insulating material to avoid
eddy-current heating and most likely will be a
fiberglass-reinforced plastic material. ‘he dewar
will be cylindrical with the coil structure
auapended frca the removable top closure. Table III
10 a ammary of the calculated losses that occur
during the charge-discharge cycle of the stabilizer.

A CTI Cryogen.’ca/Sulzer Nodel TCF-50 liqui~
helitm refrigerator hoe been purchased and will be
delivered in mid-1979. The refrigerator la equipped
with two screw-type compresaora to improve its
long-term reliability. lhe compressor heliun flow
can be controlled from 30% to 100% by a slide valve
arrangement. An estimate of the dewar and coil heat
loads ie @ven in Table IV. Both the mechanical and
electrical l.oaaes of the coil are conservative and
will probably be reduced.

TA8LE III - CALCULATED HEATING OR LOSSES IN
THE 30.YJ COIL DURING THE CHARGE-DISCHARGECYCLE

Conductor Loeses Watts-—

Hysteres{.a 39.4
Self-field 2.5
Coupling 8.3
Eddy currents 3.4

5G

Structure Leases

Eddy currents 0. ~

Mechanical 50.0

TABLE IV .- SUMMARYOF CALCULATE REFRIGERATOR
RE@JIl?SNSNTS FOR 30-MJ SYSTEM STABILIZING SMES UNIT

Conductor ac loeaes, m 59
Mechanical losses, m 50
Dewar heat leak, m 33

(radiation and conduction)
Transfer line losses, m 3

(liquid nitroge~ shielding)
Totel i 4Y

Liquefaction loads,
power leads,l/h 15

CYCLIC EFFECTS

‘he moat difficult area of deOign, for which
the least knowledge exiata, la that of mechanical
and electrical integrity. llte conce

P :;::: ‘;:*.le expecced ❑inimal life of 107 to 10
the stabilizing unit. Only limited information
exists on cyclic, cryogenic properties for
fiberglass-epoxy l~inatee and electrical Insulating
materials. Abraaion, wear, and cracking can be
serious problems

An experiment will be undertaken to determine
the life expectancy and/or deeign limits in terms of
etresaea and bearing loada that can be imposed on
the conductor, the cable, and the insulation to
maintain mechanical and electrical integrity.

ENVIRONMENTALC@4SIDERATIONS

All SMES units will produce magnetic fielde
beyond the cryogenic enclosure. For the 30-MJ coil,
the field beyond the dewar will a few gauas. At
30+n (100 ft) che field should be below the average
value of the earth’s magnetic field, 0.3 C. Tltirty
meters la expected to be well within the fence that
defines the cite boundary and aurrounda the
transformer, converter, refrigerator, and coil.
Consequently, no environmental impact ie expectei
from the magnetic field.

~ NCLUSIONS

Superconducting magnetic energy OtOrOge ayatema
for power tranemisaion line stabilization ara well
within the present state of the art. A 30-MJ
superconducting etorage eyatem with a 1O-NW power
rating can be built to modulate, at 0.35 Hz, the
HVAC Itertie betweeen the Pacific Northwest and
Southern California to damp the power system
oscillations.
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