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DESIGN AND OPERATING EXPERIENCE OF AN AC-DC POWER CONVERTER

FOR A SUPERCONDUCTING MAGNETIC ENERGY STORAGE UNIT

H, J. BOENIG, Member, IEEE, R. G. NIELSEN, Member, IEEE, AND K. H. SUEKER

ARETRACT-The design philowophy and the
behavior of &2 5.5 kA, $2.5 kV converter, being the
electrical interface between a high voltage transmin-
sion system and a 30 MJ superconducting coil, are
documented in this paper. Converter .hort circuit
teata, load teats under various control conditions, d~
breaker tests for magnet current interruption, and con-
verter failure modes are described.

operating

1. INTRODUCTION

A 30 MJ guperconducting wagnetic energy storage
(SMES) system was commiseloned and fleld teated in 1983
in Tacoma, Washington, to be used as a tonl for system
{dentification and transmissinn 1ine atahilization

2] The unit congsists of three major components: a

L lek g
2.6 H, 30 M] puperconducting eonll mounted 1in {t«
crvogenic vessel, a closed cycle helifum refrigerator

that maintains che coll at an operating temperature of
4.5 K, and 1 twelve=pulre 1line commutated converter.
The converter, which [s conrected to a 13.8 kV bus  via
two A MVA transformers, regulates the pover {low he-
tween tiwe enll and the three phase avatem. Figure 1
shows . clreulr dlagram ot  the SMES unit, The two
NA/YA ol. conled transformers have o rating of
A/7.5 MWA, a wvoltape ratln o, 13,870,925, and a short
clrealt impedance of BB, Each transformer {4 con-
nected tn a six=pulae bridpe, The tve hridpes are con-
nected {n serfes and prounded at the center polnt.  The
managrnent  of the large amount of energy stored In the
coll rvequires o hypars path for each  bridpe, Im the
cave of A catastrophile  fallure, the de breaker can
Interrupt the coll carrent b commutating the coll cur=
vent Intn a 1l resisior,

A SMEN abuarh  electrlcal enerpy and
wtore It in the fare of magpaetfe energy In the enll and
reloade mamnet e enerpy from the coll haeck Into the
elostrical svatem,  Heecmue the converter allows  only
uldtirect tonal  carrent tlew, the energy flow {n the
SYEN wewtes I contralled by the converter  voltage,
Porttive converter  voltape Increases the coll current
and charges the mapnety nepatlve  comverter  voltape
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CONVERTER TRANSFORMERS, BMVA EACH
6-PLLSE BRIDGE (125 kv, 5 5 xA)
0-PULSE BRIDGE (*1 2% kV, 8 5 \A)
BYPASS SCRY

DUMP REBISTOH (1 0;1)

DG BRCARIA

. SUPERCONDUCTING COIL (? 8 M)

NG EQD .

Fige 1o SMIS undr cfrvoult dlapram,

decrea:ses the eoil current and discharpges the mapnet.
After an initial charge to 4.5 kA, the cnil current of
the 10 MJ coil 1s controlled hetween 4 kA and % KA.
Occasionally, currents up to 5.5 kA must alsn be
accommodated,

Figure 2 depicts the phyeical installatinn of the
converter flanked hy the two power transformers. The
thyristors of each converter hridge arc mounted on the
inner aspect of the converter walls, whicl! are adjarent

to the transformers. The dc hreaker {gr houred at onc
end of the converter cabinet, below the 1 1 dump
resistor. The durp resistos is mounted on the ronf of

the converter in a aseparate drip=proof vcompartment,
The &ix ac busses and the two dc busses evit the
cabinet through the roof.

2. CONVERTEK DESIGN

2.1 Circulr, Lavout, and Thyristor Selection

The high power rating of the converter and  the
ohjective of running the SMES svstem at reduced pover
during a minor converter fatlure dictate a twelve=pulse
clrcult, The voltage ratinp of *2.5% kV makes 4 serfes
connection of two six=nulae bhridges more  attractive
than a parallel  connectlon, hecause a 1250V wrtldy
outpul vnltapge can be handled by one hipgh  voltiae. SOV
in eac®  bridpe lepe The two serfer connected hridess
have the additionai advantage that hoth bridpes can he
contralled Independent 1v, The current
necossiitates the une of paralleled devices, Vash
Independent tridpe (e fed hy {18 own transformer,  Rath
tranaformers have n delta gecondary wind{ny, whtle  one
primary winding ls delta and the ather wee ooonected,

In 197R, when the theristors
50 mm device with a repetitive
200N and ea average cuarrent of BO0A was o selected,
This device had, at that time, the hivchest hlocl {ae
voltage of any % mm SCR wafer produced by oan Vmerd -an
manuf acturer.  The thyvristor voutape watety fact o,
deined an the ratio of  peak forward or
repetitive hlocking voltape to raled peab line volt e,

M o thie application and provides adequate

equals 2,44
protection for the SCRe with  approp=late
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networks and metal oxide varistor transient suppression
elements installed.

When the number of parallel thyristors in one
bridge leg was detevmined, the one-half-cycle short
circuit current through the bridge and not the steady
atate current was found to determine the mini{mum number
of parallel SCRs, For zero impedance of the 13.8 kV
bus and negligible converter impedance, the transformer
short circult current, which occurs when an SCR fails
to block, can be calculated to be 42,6 kA, To this
value, the maximum dc current must be added to cover
the maximum current situatisn. This short circuit cur-
rent requires eight SCRs 1in parallel in each bridge
leg. Six SCRs in parallel are required to provide the
5.5 kA steady state rurrent,

The 30 MJ SMEN aystem is {natalled in a substatinn
which {8 manned naly part of the dav. All components
must he verv reilable, as saimple maintenance tasks
cannot be performed on a routine hasis. The converter
housing chosen :9 suitable for an outside ineRtallation.
Forced air cooling ix preferred over water cooling for
hetter rellahflity.

2,7 Cooling

Semiconductor conling and
desipgn conafderatlons, The relatively large numbher of
thvrirtors malkes {t ecanomically unattractive to
Install {ndividual fans to provide Nhiph wvelocitv afr
acrnss  the heat  dink (ink.  The decision war made to
fnastall the theristors on the outer 8sides of the
cabinet  <{t%  the heat sinks angled to permit access,
The heat wiris are shrouded to dircect alr flas, and
Setwoen sainks  are baffleds The entire Innide
arca of the cabinet (s pressurized by a centrifupal
Sloawer and the heat ginks are allowed to exhaust oo
atmnspherice pressure. Pressure losr through the  sinks
fs hpr conough 9o that all other alr {lov paths present
Tttt addftlonal Ioss, A desipn mintmn alr veloacity
sinve o1 500 1{near feet per minute was
confirmed by anemoeteor measurenents, Provisions  were
deniyn to permit the
fnstallation of hlancling dampers, which  later
LIRALITENRN RN B o

a'r handling are major

sSpdaces

acrass the
made In the mechanical
‘\l'll\'l'('
Twer ventrifupal  alr blowers with a ciopaclity of
2eane et eaeh driven by o 0 bp Aotar, are foktalled
ts o ennl the  untr, The  hlowers  are sfzed with
filter predsare  lows
froo dirt ace gmatatt g iy one Mower Is required at
any tme, uieh (b At omat e
wtandhye condir fon,

vulftelent mares'n 1o allaw wome

seennd  hlower  In an

Lare aly conle convertors present  upecial
provlemc @lth current dharing among paralleled devicen,
Halan: tag arrangempnte paed  with  water
Hodes cumhervome  and

conlod bk Shartng can bhe
abtatned with larye Mooar (nductors {0 werles with  are
Pines to vach therlstor pathy bt agabn, economics make
this an wnattractive option, The path chosen far  this
deston st mateh theyriutor  torward vostape drops
aithin ¢/=00 md and then gue ymall (A oH)  UHnear
faductors ta force " At {ufnetnry i lance, Thewur
nductars alan tend ta minlmize current Imbhalances
artue trom [aevitable At ferences in commatat oy
culietanr e nf the vartans b pathe,

Itowhoa b b onated that equalizatfon of  funetlon
tempersture rlae I the yvegl ohfjective  of sharing,
toechinlbques ratier than cartent halanee,  per s, For
cxampley a0 therfator that haa o lower forward voltape
l'l'llll Wil vend o have hiphoer carrent, "llHl'Vl'." this
devive  van talerate o aomewhat hilipher fordsrd coryent
withont fncury Loy temperature  rlwe, Thiw
propeety Tuovued to gt los wmatler tndaotors than would
e regqulred tar best carrent halanes,

tranularmey
thyerlurore  ar
cxpenufvee wit oan i
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The linear inductors allow a relatively fixed cur-
rent difference which decresses their balancing effec-
tiveness at low load currents. Under these conditions,

however, current balance is only a matter of academic
interest 8o long as no thyriscor has exceasive
temperature rise. Current measurements at light load

confirmed a steadily decreasing current in each
thyristor as load current was decreased.

Inductora are made from grain orieated, gapped,
silicon iron "C" cores mounted around the ac bus feeds
to the plus and minus thyristor pairs. Gap length was
chosen to provide linear operation to ahout 1252 aof
rated current at full load. Thyristor forwaid voltage
drop becomes increasingly resistive at fault currents,
sa the saturated inductance at{ll provides sutficient
sharing for succensful clearing of load faults by gate
{nterruption., Fach thvrisor is fused with an extremely
fast acting 1000 A fure. Design techniquer develnpad
by Balenavich and Karstaedt were ured for analysis of
fault clearinp|d].

2.4 Gate Tiring

The clrcuit volrapes within each of the serles
connected six=pulse converter sectiona 1llow the use of
toroldal pulace transformery for pate drive, There
transformers, driven hy trancistor circults, are used
to provide a continuous driv: of 120 electrical deprecs
In each conductinn period. A capacltor discharee
circult providen a fast rise time and overdrive to
{nsure sufficlent di/dv capability. The high oporating
voltages of two converters In arrlen and the possihi-
11ty of load translents, hovever, precludes the use of
these transformers for the 5 kV  clags  common mode
faolation from pround.

Hiph voltage control clreults are supplied from twn
120V qsolat{on transformers, ove for each eotvertor
Kect fon, All  pate darlve, feodhack, and annuneclation
eclreaftry associated with  each  converter  section  Ix
powered  frem the  lsolatior trancfarmer. Floer optle
conrlers are then uned to couple signale to and from
pround  level control clireualta, Thirx svstem of cate
drive wan first  umed on a  large  tokamak
uvaten Zlth w10 kY hipot requirement to pround, and
har wudsequent Iy heen used  to provide 15 ¥V
funlat ton, No o unurueg ]l operating probleme have heen
encountered, although wome aptieal  Tinks ave ol led
hecause of LED deterloration with ape,

converter

claus

25 Ferdhack

Cury. fecdhnek slgnaly are taken  from oan
fnatromertat fon ampliflier connectod to o % » ahanet,
The wmplified wipnal ts awed to defve aa VD converter
which then provides o 10 Mt fnput ta a Siph apeed
asvnchronous parallel/qerial  corverter  (UaaT), The
VART rLevial output s coupled throapgh an optleal 1k
tn o low level UART and a VA converter, Voltape
focdback t taken trom a reafagance dividor and oneodod
In the same fashion an the cutrent fecdback, Wk
I{nko emplov dead times between  muccersive  wordu o
that  the wvatem cannot swyncheonize facorrectly onoa
fixed datn pa‘tern, e tun chamiels of analor
fredhack have o bandwlidth of 5% kN7,

'.'_. "_ “_‘lelnﬂ “ 1'h'\' rintnres

The  dent=v of  anv  converter  svales suppiving o
large mapgnet  muel  aecedsarlly fnvolve o tatl=uale
myutem for manaping mapguet encegy ander abnorsal comldi -
tione,  In a converter without a vpase path,  loan ot
ac 1ine  would resalt (o Toad eorvent hetny trapgqed in
one phade of the canverter,

General'y, (1t not an econnateally wound
to wize the converter therfator patha to amdle the
cont fnunn Taad carrent tor the Tonge timen regqutred  to
AMucharpe  hiph  emeepgy magneta,  On the other haad, (1t
In  not d{ ode '“\'||4|'| o path  an {

poxnihle  ta wne g



regenerats through the bridge by reversing voltage
polarity. The method used in this design is to install
a thyristor bypass path which can be gated or demand.
Resistors (2 mQ)) are used to force current sharing in
the eignt paralleled thyriators.

Two independent gating syetems are used in the

bypsis  path. One, driven ty a number of fault
detectors in the converter (loss of 1line, low 1line
volrage, phase loss, over emperature, overcurrant,
etc.) 1s coupled through optically isolated gate
¢rivera. Because these drivers obtain thelr power from
the ac source and have no battery backup or
uninterruptihle power supply, a Bsecond completely

{ndependent system ia used for safety. Thia system
conaists of a bus overvoltage detector which triggers a
separate gate firing circuit. Power for this ecircuit
i{s derived from a frequency compensated voltage divider
driven by magner voltage. Again, the technique had
previously been proven on converters for large tokamalk
magnets,

2.7 Transient Protection

Both RC filter networks and metal oxide variaters
(MOVs) are used for transient protection. The RC
filter networks, 2,5 olms and 15 uF per leg, are made
from commutating grade, oil filled capacitors and non-
Inductive resiators, The reriatorr are made of
stalnlesn satecl expanded metal, a construction which
comhines very low {nductance with excellent heat
dissipation  capahlility, Thene networks are wye con-
nected to the {ncoming transaformer busses with gshort
cables MOV devices were the largest low voltage Lvpes
avallahle at construction time. Two 4BO Vv MOVs  are
series  connected via a delta conflguratinon to suppress
{nconiny transients. The RC networks act to reduce
dv /dt of dirturhiances, l{mit thyrlstor recovery
tranrianty and relfeve the MOV devices from this  duty,
In additlon, each bridge ourput voltage (R protected hy
two 575 MOVE  connorted In serien. Valtage RUTrpe
protection for each thyrlstor {8 provided by two serfes
connected 480V MOVe and an RC snubher  network (29 92,
0.1 uF) plaeed acrons each SCR to bypars voltage splkes
amd it dv/dt across the SCR ta prevent misefiring,
2o Breaker Destpn

In the cawn of a catastrophic fafture, when a line
oultapge  of  a converter maltunction {8 followed hy a
rryagenfc avuatem fallare, such an loss of  vacuum, the
eoll  must be discharged by opening a de breaker, which
teansfors the eofl current into a  roeulator, Under
rormal  aperation, the de hreaker I8 closed, A1 6
resfator vas found to b large enough ta glive  adequate
coll pratection, Because a0 de hreaker for ratings
proealer than 1 kV and & kA wasw nat readily avallable
commercially, a hreaker was  desfgned with the known
technlque of tarced current zero and tnrtalled In the
convertor The parallel connected contactw
nf an ne power vacuaum breakor are uaed to earrevy the
cofl carrent. When thewe contactu are npened, a forced
rurrent zoro Ia {ntradueed to extinpalah the are he-
taeen  the  eontactu, A cammatatian current of b kA
prctk, which caused the maln current to po to rers, is
pemirated  hy dfucharping o 130 pF capacttor throuph o
I ul fndwetanee Inta the arcing vacuum contacta,  Four
connectad  1POD Y ghvristarys withutand, under
mrmil aperating conditfonu, the capaclitor  voltape of
up o B RV and are fired to (nftiate the counter cur-
rent, A saturanle inductor with 0,1 Ve rating ix  in-
stalled {n uworles with  the three vacuua eontacte to
roeduce the di/dt value of the breaker  current at low
carrenl  valuew  ta ennnre the are will ext inputnh, dv
un iy SCRe fnutead of an {fenftron In the  commutat fon
clreafty 1t wan hoped to have a more rellable dentpn
with leww malntenines required, However,  the  dexipn
parametors had  to he caretully chonen to atav within
the ratInpgn of the SCRy, Kaned  upon the  publiahed

cablnet : .

weerien

one-half cycle, 3=rycle and 10-cycle, 60 Hz surge cur-
rent ratings, 1t was felt that a single pulse,
sinusoidal commutation current with a peak of 8 kA and
a base time length of 300 um could he carried by rhe
device. The di/dt value for the pulse is B0 4/us,
which is one fifth of the rated minimum value, Equal
voltage dietribution across the fonr SCRs connected in
series is forced by a resistive network. In addition,
each SCR 18 protected against overvoltages by an MOV

device. The firing circuits for the SCRs, including
the fiber optic 1link, were checked for equal pulse
delay.

Because of the small size of the capacitor charging
supply (30 J/s), which charges the 130 ¥ commutatlon
capacitor in about 20 minutea, a second chance for dc

current interruption is not nrovided. Automatic
reclosing eright Bseconds after breaker openin; was
arranged 1in the breaker control logic. The time of

eight seconds 18 the minimum tire for the apring
loading mechanism of the breaker to reclonse. 1If the dc
breakeyr has functioned properly, onlvy 4.6 of the
original current is left In the coil at reclasing time.
Should the dc breaker fail, for any ulven reason, the
coil energy would he depusited in the vacuun bottles
and result in a hreaker explosfnn, However, by
reclnsing the breaker, an energy of onlv 200 kg,

assuming an arc voltape of 40 V, would hnve been
depogited in the three vacuum battles within eight
secends. Thim energy 18 not large enouph to destrov
the breaker. it 1R arsumed that arter hreaker

malfunctioning, the coll energv 18 rnnverted into  heat
in the helium bath and res’nlts [n excessive helium
boll-off without demtroyiug the coil.

3. TES1S

1.1 Pre=Installation Tnsts

The ¢onverter was tested during acceptance tests at
the maufacturer’s plant according to  the ANS!
atandards for Semlconductor Power Rectifiers. Two nmaln
tests were performed: a short clrcuft  test at 10°
overcurrent: 6 kA, for vhree hours and a  no=load  test
at 107 overvoltage, 1375 V, for flve minuies, In
additlon, the unit was high potte! at 19 kV de,  Ar los
Alamos, the converter wax tested at rated current with
A voltage up to 150 V and at 240 V wit), a current  of
T.6 kA, A water cooled, atatnless nteel remf{ntor wae
used an a load. The hiph current tests were performed
mafnly  to mearure current  shartng hetween rhe oipht
parallel thyvrintorn of each hridge lep. There rewmlts
have heen reoported vnrllrr!ﬁ!. Becoame of limlted load
capabilitiern at the manefacturer’s plant  and at  los
Alamon, hiph power tests were not performed with the
converter antil the converter was  Installed gt the
substacl n.

3.2 Short=Clreult Test

At the Tacoma  Subatat{on, the converter wiu
energlzed for the firnt time slmultancoudly with  rated
current  and voltape In a short clicalt teat, The plas
and minun terminals of the converter were connected by
a rolid atuminum  har, whlie the =saperconduct Iny eol)
remafned dinconnected,  Earh six=pulae hridpe waa 1rar
tested meparntely, with the bhypan:. SCRu of the nonencr-
pized hretdpe conduct lup. Fipure b qhowsn the prieary
Ifm  ecurrent l' in  the wve=delta tranuformer under
short=c{rentt l‘n||5|| lonmk,

The peak ponitive current In S0 A, renulting in a
peak  Recondary  current of 6977 A, Thir eurrent value
I nlun the peak SCR curreat In each bhridpe  top, The
current  In determined by the bridpe delav anple, which
th clowe to 907 and the Hne, transformer, and conver-
ter tmpedanced. The Hine carrent of the converter with
both hridpes connected in werfen and the  de out pat
shorted  {u whown in Fig. 4. The amplitude of the cur-
rent harmonlen s foeladed for the latter case  in
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he' tiriny anglos between the phares of o hridge.
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3.3 Load Tests

3.31 Inversica End Stop

In a SMES system, it is desirable to have the maximum
positive and negative converter output voltages as
close to equal as possible. VWhile the positive conver-
ter output voltage is determined solely by the incoming
transformer voltage and the voltage drop due to conver-
ter loading, the negative output voltage is determined
by the transformer voltage, the voltage increase due to
converter loading, and the inversion end atop, which
limits the phase delay angle to values considerably
lower than 180°, A 40° gafety angle praved not too
conservative, According to the manufacturer’s
information, 907 of the SCRas, satatistically, have a
turn-off time of less than 600 uys, which corresponds to
an angle of 13°. At 140°, the overlap angle 1is about
10°  as shown in Fig. 5, which deplctr the voltage
acroes un SCR. The delay angle a for this case ia 41°,
the conduction time is 129° at a dc current of 4.5 kA,
and the overlap angle of 99. The 1R° sgafety margin
gives allowance for eafe current commutation of de cur-
rents up to 5.5 kA at a reduced voltage level. The
13.8 &V SMES bus 18 ashared with a large aluminum
reduction plant having a fluctuating 1lnad. Tt was
found experimentally that, while equal delay angle
aperatlon of both bridges allowed an inversion end stap
of lﬁ5°, an end atop of 140° was necessary for
independent bridge control.

3.72 VPower Testn

The SMFS aystem was used for injerting and
ahdorhing real power pulses into a high voltage trans-
nission system with the aim of identifying power svstem
parameters. Mouts tents were performed by {njecting
elither sinurnidal, low frequency (C.l to 1.2 Hz), real
power pulRes or a narrow hand nolsc vower signal into
the electrical Aystem. Whea sinusof.ial  power pulses
are injected, the two {ndependently ~ontrolled six-
pulse hridpesn of '‘he converter caua  Assume cither an
vqual or a different phase delay angles With equal
phare delay uLagles, a real power varlatinn alan  causeu
a reactive power varfation, while with {ndependent
bridge control, the ceactive power can he Rept
conatant' 2], Flgures 6. 7, and A show, in rrrip chart
recordlngr, three different  converter loading  condi-
tionx, Each  recordine deplete  the bridpe ! voltage
(Vd')' bridge 2 voltape (Vdﬂ)' the converter  oul pat
current  (1,), which I8 1deatical to the coll current,
and the rnuq (PSHES) and reactive (OSHHS) power of the
SMES  unit meamured at the 13,R kV hur, 1In Fig. 6, the
SMES unit follows n ainumoidal power demand mipgnal  and

hoth bridgen have equal vonltage out put , The
fundamental and necond harmonte react {ve power
variationn are wipgnificant. 1In Filpg, 7, the SMFS unf:

Flp. %  SCR (menle:

valtape
vertleal 72% V/em),

hortzontal 2,97 me/em,
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Alun putds mut swinunoldal renl power, but the twe
bridges are contralled Independently and provide a
conutant reactive power abnorptfon, It rhonld he noted
that In Fig. 7, the SMES real power wlavly (ncreanen
nmd ane hrldge oaperates almat sucluslvely (n the
roctiflar mode, while the other bridge operates in the
invertur mode, In Flp. A, the SMRS unt® follows n
narrow hand nnlse signal demand, The hridges .are
controllen with equal phase delay angle,. The voltage
traces show that hoth positive and negative maxisan
voltages are reached,

3,31 Lonnes

When the mignet (n bhelag charged, the 11,8 LV  bus
supplies the tranaformer, convarter, and hushar losaes
and the magnetlc enerpy stored (n the cotl, When the
magnet (s belng discharged, these loanen are mupplled
by the magnatic enersy of the roll, The losses of the
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Fig. 7. Flectrical parametery of SME! avalem wi'h

ninunoldal pover output (ronstut N contrald,

I MJ SMES uniet am a functlon of conatait  converter
current  vere aeasured and  are shown in Flp, 9. The
loases appear to he linearly depeandent on the load cur-
reat, The praph doea not {nclude the 20 hp fan motor
or the 1.5 kW control power, The lnaear rolationship
between lownen and 1nad current can he oaxplaiaed hy the
fact that the thyriator lodn Jure to the thinghnlil
voltage (a conniderably laraer than the Ines component
due ¢to the therintor wlope redlatance, Bocanue  the
load  current varies In tire from 4 kA to 5 kA wvl back
to & LA durtng a charge-diacharge cycle of the 10 )
SMES unfr, a cycle officliency of hotwesn 977 and 942
can be calculated for Lhe transformers and converter,
If the converter of the I MJ unit would he connertsd
to A renistive load, the combined ronverter and trans-
tormer offlefency would he 97T at 9 kA 1oad caresnt.
Thin effictency facludes the hlower and contrnl  pover
lonnen,
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YoV Converter Performance

The convarter porformed well during continuouas duty
operatfong At full power rating, the converter ran
coal  with an average temperature difterence of 15" ¢
hetween the fneoming and exiting atr. Three of the 96
conyertor SRy falled durling the fnftinl  tewts,
Addlt fonal SCRa fatled during oxperimenta fa which  the
tnveralon  end  wtop was Increaned hevond 140°,  In ene
fostanee, A mechanfeal malfunction In the 13,R KV
broaker mechantam  canaed  contaet houncing  durinp a
hreakor vloafng operat fon, whirh resulted In

destructlon of the RC t{1ter aetworks and MOV tranaient
muppreanfon
vaolitam

during thiw

converter  SCRa wan
topte and relav Tople appeared
LYRRITTT PR
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Fig. 9. Converter losses as a functinn of 1nad

current.

gsome difficulty was expected with the digital efrculrry
fn a nolay converter environment, none was  experienced

fn the fleld. The converter aperation wias  not
{nterrupted hy routine operation of adjacent 230 kY
power clireuit breakers or disconnect sditches within

the substation, Misfiring of hypase SCRs occurred when
both  six=pulse bridges were controlled fn a constant
reactive power mode with bridpe 1 operating primarily
in the rectifier mode and hridee 2 in the fnverter
mode.  In Fig. 10, two such mnisfirings are recorded,
The volterge acrows  bridpe 1 (V41) s reduced to zero
becaure one of the elght bhypass SPRE {8 conduct ing,
M{rfiring occurs when the oather bridpe (s ar fts
invers{on end stop, The reactive powver
reduced to ahout half {ts previous value,
the misf{ring harn not vet bheen determined, Exporiments
showed that miafiring conld be avolded by choasiag a
more congervat fve {nverufon end ston,

(Dgagpg) 1S
A roason for

3.4 _NC Breaker Testw

The de bhreater mast operate durlog o double=fault
condition, when an  electrical wvatem faflure s
concurrent with a ervogenie avetem ‘aflure. Althouph
much  a conditi{nn never occurred during the Hfetime of
the 30 M) SMEN mveten, the breaker win nevertheless
tented up tn S kA, Tesuts hepan at » low current rating
(1000 A), and then inerenmed hy 1ODU A o 4000z,
Several tests at 4.5 kA and teat at 5 kA wore
conducted. Inftinlly, the commrutation  capacitor
charging voltage wan nd justed so that the peak commuta-
tion current war alwavs approximately 1,6 timea the de
current,  All hreaker tests were muccensful in that the
commitation current  extinguinhed the are  and the
maphetic coll enerpy wan  deporited {n the  dump
resiator,  However, some of the teste at eall  curreanty
of 4000 A and  above caused a fatinre [n one, two, or
all af the commutat fon SCRe, Inftially, an ftmproper
desipn of the SCR MW protection devices wan hlamed for
the faflures, Mnfortunately, o visual Anupoct{on  of
the wafern of the damiped SCRE reveatled no detinfte
conclustonn,  ‘iome of the SCRe weomet  to have gl led
hecaure  of excesnive voltage, others {from vxeess|ve
difdt.  The canke of the  fallures  wan finally
detesmined an time differences {n the pate puluaes of uap
to 1Y gany cauned by LED doterforation In the optical
A0l
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