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- ELECTROLYTIC CAPACITOR BANKS
' Donald B. Hopkins
Lawrence Radiation Laboiatory

University of California
Berkeley, California

,July 12, 1965
Abstract

A‘series string of electrolytic capacitofs ha s been provv'eri 'tc.:_‘be a
reliable energy-storage unit. Electrolytic capa.citovr.‘-balnks have been |
providing magnetic field energy for Berkeley rotating' f)iasma.expériQ B
ments since 1958, |

In this paper, considerations in the theory, design, and usage of

low- and high-voltage banks are discussed. Basié_ electrolytic capacitor '

properties are reviewed, several particular banks are discussed, then

possibilities for future development are examined.

=0



4= - UCRL-16263

. :i_»‘Electrolvtic .Capac'itorfProperties |
Dnrlng the‘manufa'.Cture of an electrolytic capacitor, the final
process is usually that of "formmg -in'"' the ca.pa.c1tor. The capacitor is
charged to a voltage somewhat higher than its rated operatmg voltage
over an extended perlod of time. This creates the alummum ox1de
| drelectrlc, whose thickness 1sbdepen_dent upon the voltage rating of the
‘capacitor.‘ The surface ﬂof. the electrolyte -impregnated paper serves as
R an electrode. ‘The presence of the electrolyte eubsequently allows a
certain measure of se-lff-healing, should minute internal punctures of the
| | .
dielectric “ take place. ' {. , ' | |
When a dielectric pun_cture occu_r"s during the forming-in of the
larger‘capacitors, where 10 to 100 jonleﬂs'may be stored, an audible
""tick" is produced.  Empirically, .it has been determined that the capac—

' itor will heal itself if the ener'gy delivered to the puncture is less than,

,"_ 100 to 200 joules. This is probably one. reason why industry has limited .-

" the size of the largest units to that corresponding to a stored energy of
.about 100 joules. Should the energy delivered to the puncture (from’

paralleled .ca.pa.citors, say) exceed ZOOAjoules, the chances are high that

the capacitor will remain permanently shorted. This points out the need -

for curr'ent:limiting resistors, inductors, or _f_uses in banks where large.

nnmbers' of capacitors-:are simply paralleled.

When a capacitor is dlscharged into an inductor, the voltage and

current durmg the first quarter cycle are both, say, posztlve. Durmg =

" the second quarter cycle, the voltage goes negatlve while the. current S

~remains pomtﬂie. During the thlrd quarter, both the current and

- volta.ge are negatlve. A fourth reglme ex1sts during the charglng perlod

e I
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‘when the'_ voltage' is pOSitive aﬁd the current i’s‘_?ne'g'a..t:iv.';rié,ﬁ';"_'i‘.El_e.c»troiytic
cétpacitoré operate reliably in the first ana"foﬁrtl;x reg.ir'nvés. :‘-_Noté that
in the second regime the polé.rities are the same ones (voltage -, cu,rrentv+)
that exist if one tries to charge the ca‘.pvac':-ito.r in. the r'evéi'se direvc.tion.
Even though the ,capa‘citor would be'des'frpyved undex; dc: conditions, the
Berkeley banks have demonstrated that short but freqﬁent excursions into
this second regime can be tolerated indefinitely with no apparent ‘adverse
effects. Our switches (ignitrons) open at the end of f;he secbnd_regime,
when the current is zero and the capa.citoi' voltagé ié maximum negative,
This permits avoiding the third regime, about which there is little
information. The negative voltage left on the capacitor is %Qund to décay
in a time of the order of a second, dissipati_ng tﬁe energybinternally in
vthe form of heat. Severai factors indicaté that the effective capacitance,
when the voltage is reversed, is frequéntly doubled or tripied, and that .
there is a shunt internal resistance of 100 to 500 ohms for the 10?0-_pF
i, 450-V units used in our banks.

‘This. ability to "ring negative' for a quartei‘-cyc.le can result in
significant operational be_nefits and cost savings., First: high-cquiomb
~crowbars to short the bank at zero voitage are no longer necés_'zsary.
- Second: diodés paralleling the capacitors, vsometirnes ﬁsed as'-brute-
force protection é’.gainst reverse voltage, are no longer necessary.
" Third: th!e bulk of the energy is retu;‘ned to the capacitors where it can
be re-m_ove.:d‘by .simpl_e air cooling, The cooling req{iirerﬁents on the ..
" load inductance are thus vastly sirﬁplifiéd;-- | |

Preéeéﬁeléctrolyte irﬁpeda_.nce,s ::a.re responsible for a minir_num'
R-C discharge éime’ (into a short circuit) of aﬁout 70 psec for the uni_ts_"

mentioned qbovée. The high currents generated in this type of discharge
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chreate magnetlc forces which generally cause the output tabs to break or |
pull loose from the foils after a llmlted number of dlscharges._ Experl- |
mentally, it vhas been found that the minimurn discvha.rge tinle compatiblel
with .1ong life is about 200 psec. .This.corresponds 'to"a peak discharge .
current of about 3500 A. |

In the second regime, hydrogen gas 1s norrnally evolved. ’The :
" vent plug in the end cap allows th1s to diffuse out at a rate sufficient to "
prevent excessive pressure buildup.

for reasonable temperatures, the 1000-@5‘ 450-V units should
| _ be operated with an average input power of 5 watts or less, Tbe leakage :
current can vary from 1 to 12 mA, dependmg on how well tlhey have been

formed-in. The thermal time constant, without the usual paper jacket,

is about 45 min.

Some Existing Electrolytic Banks

Probably the largest low-voltage electrol&rtic bank ever built is
the 450-V 800-kJ transportable bank at the University of Washmgton in
Seattle. 1 Fuse wire is used to parallel the 1nd1v1dual capacitors in a
module. Each capacitor has a small silicon diode in parallel to prevent_ :
negative voltage excursions. "Amp-Trap"v fuses are used in the output.‘ |
lead of each module. The output switch is a single arr-blown 'cireuit ; |
breaker Wthh is never called upon to break the load current, Oecasional »
capac1tor failures destroy several of the surroundmg capac1tors but the
bank is generally successful and has been operated for about 3 years. A '

typical firing 'rate is once per mmute.

1. Pierre F. Pellissier (Lawrence Radiation Laboratory),-

private communication,
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o To date, the Berkeley high-\{oltage:eleictrolyti.c banks have been
| 'l,bililt in S;kV 12.5-'-.k.]' mod.ules. rEac'h 'nioddle is rnade up »of a 12-by-12
‘.s.e‘rie‘s‘-parallel array of 1006-;_.;.]1" 456.-=V eapacitors.- One size-A welding
'ignitronv(ty"pe 5550) is included in each m'odlule to svgitch the shorter,'
higher currents. These tubes are rated for 20 to 30 lcoulorhbs, :but pass
~less than 5 C in this applicatioln. To permit inclu.sion of a fault-sen“sin.g.
circuit (later discarded as unnecessary), one bank was built with the
capacitors cross-paralleled with nichrorne wire. This caused large
capacitor losses during forming- in and was ellmmated The 12 series
. strings of capamtors are now paralleled only at each end, Very rehable
operation has resulted. A 2-W resistor was placed.in parallel with each_,'
capacitor to aid in equal voltage division dowh the series stririg. These
conduct about 2.5 mA at full capacitor voltage.

Figure 1 shows the first large electrolytle bank ever assembled.
This is a 5-kV 150 kJ 12-module bank bullt in Berkeley in 1958 for the .'
Geneva Conference, Apparent 1n the photograph are the charglng and
firing supplies on top of the bank, the llght fronfi monitor neon bulbs
v ac‘ross individual capacitors, and the ﬁrin.g and Vcrowb‘ar ignitron mounts.
(Th'e crowbar ignitrons are occasionally used-to short the bank at zero
voltage, | extending the duration of the load coil current.) This bank is
.still in use, and has not lost a single capaeitor in the last 5 years of
operation. A common dc current-lirhiting' charging supply is employed;w
Each module has a series 10-kQ 200-W resistor and a diode in the charging

line. This effectively prevents all modules from participating in a dis-

asterous fault:should one module become shorted. The ignitrons are fired :

i J

: ‘by discharging a capacitor into the 12 paralleled ignitor circuits, It was
built by available Project Sherwood personnel who used perfectly satis -

factory inexpensive materials and techniques.

]
]

i
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: 'Figuré 2 shows a sn;a.lle.r,‘ s‘i.rhi.lair;b-_a.nk ;-a.ted at 50 kJ and e
..rnquht.'ed 'von a trahséortg.ﬁle ’pallef. In this app.llica.tion', it is p_owefin'g :
~a 100-k¢ pulsed 'r_n'a..gne.‘t 1oca.';,e'd in the cylindrical aluminum housin‘g. |
The charging a.nd‘firin'g supplie's‘, control panéls, and :écording oscil- ‘
loscopé are also shown. | '.

: 'Figure 3 shows the iar-ge‘svt‘ eléctrolyfic bank yet built, the
'Berkele‘y 5-kV megajoule bank. This_l")a.nl‘c' is described in detail in
>"a,nother reportz--Which, incidentall}‘(, does not describe several recent
‘v_refin'ements mentioned in -thié paéer." 'Bri.efly,' it consists of 80 modular
drawers‘, each having its own éharg;ng supply, firin:'g. circuitry, and
switching ignﬁtrons. Some of the firing ami con‘trolielectro!nic‘s can be
seen at the end of the aislé, in the photograph, as c'arll the output cabling
bus panel. Multiple sWitching ignitroné, in each drawer and appropriate -
control circuitry provide for the possibility of up to five experi_rlnents’_‘-
using f.he bank on a time-~sharing basis. Each usei has inde_pex;d.ent
' coﬁtrol over'ban‘l‘c voltage and bank capacity (ir; qﬁa}fter-bank ihcrements).
Figure 4 shows a modul'af drawer of{thé'me_ga.joule Eank when the
" fault-sensing circuitr)} and nichrome parallelling wi.re were still in use,

Even with a common variable ac prim_a‘ry cvha‘rging supply, the.
individual module‘pcswer supplies permit var?.atic;hg in voltage be.tv‘/ee_n
drawers of uﬁ 'to 100 to 200 voltsv. Analysis indi_éé._tes that in order to
xfeliably fire all drawers a; long pﬁlse,or' burst of pulses, i:s required
at the ignitron ignitors. A 1.2-msec igrﬁ.tof pulse is supplied to the

ignitrons in the megajoule bank. This feliably fires all drawers, prb-‘ .

- H
viding the bankj;_,is well formed-in.

2 D. B. qukins and P, F. Pellissier, A High-Voitage Electrolytic

Capacitor Bank, IRE Trans, Nucl. Se¢i. 9, 68 (1962),



-6- ~ _UCRL-16263

‘Note that the sw1tch1ng 1gn1trons e.nd the power slupply transformere
prOV1de complete 1solat10n between the modules until the mstant of firing.
QI'gnltron prefires are now v1rtuallyenonex1'stent.

- The output cabling arrangement is_'such 't‘hat t_};e total current is _
always divided into five pairs of cables, regardless ef the be.nk portion -
used. This divides the intercable forces ‘byA 25 a.nd permits the use of .
easily manageable output cabling. Sufﬁcient inductance is provided in the
module-to-bus panel cables to limit 'minimum discharge times to _206 psec
or higher, should a fault occur at the bus panel

In practice, it has been found tha.t the time requlred for adequate
forming-m for operation at the maximum rating of 5 kV is iJ.nt;c.>lera.bly long -'
(of the order of 2 or more hours daily). Accompanying ca-.paci.tor‘ losses
are high, For this reason, the bank probably should have a practical
-rating Qf 4.5 kV, 800 kJ. For a true megajoule rating, .it is felt "that a
13=by-13 array of 450-V capacitors should be provided for each I_nod'ule,

rather than the existing 12-by-12 array.

~ Bank Philosophy and Speculations _

The abe\}e-meﬁtioned banks he.ve den:monstrated' tﬁdt a series string ~.
of se_verai electrolytic capacitors for;ns a reliable energy-sto_rage unit;
As they are being chexged,. should one or ;hore capacitors 'suffe.r'e.
tempoi'a.ry dielectric puncture and assurhe a lerr voltage; the excess
-voltage would simply be distributed among the othe‘r capacitors in the 3
: strmg The main energy delivered to the puncture is Just that stored in
the punctured @apamtor. Note that the voltage "slack'.to be taken up by the -
- o.ther capa.c1tors in the string -dec.re;ses as the number of cepacitors in

the string increases, In oth}er'words, ’the higher the voltage rating of the

=Y.
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bank "the less the bank is hkely to be affected by momentary punctures
in individual ca.pac1tors, and the higher the ove rall rellablllty is llkely
to be. |

A situation can exist whereby when a capac1tor punctures, causmg
more voltage to be 1mpressed across the others in the strlng, the others
are overvoltaged to the extent that their leakage current greatly inclreases.“
A sort of "chain reaction™ is set up which can end'i’nbon_el.-l'of two Ways. If
it progresses fast enough, the energy stored in the othevrA parallel strings
is "dumped" into the faulted string, perhaps causing permanelnt damage
to several of the .capacitors in the string.. The most likely result,. as
seen in the mega_]oule bank, is 51mp1y that the leakage current increases
to the point where the fuse in the power- supply primary blows. The
likelihood of a complete string failure of this type is also reduce_d by v
~ having more capacitors in the string. |

Consider a capacitor ln a string operated near:its ratedvvo‘ltage. -
Should it be overvoltaged in the manner mentioned above, ita leakage
current would increaee, implying a lower sllunt resistance tha.n it had
before, This wonld cause the capacitor to partially discharge, Ireducing
vits voltage. The capacitois in a string should therefore show a first-order
tendency. to self-equalize, or equally dlstribute, the voltage down the ‘-
string. This effect shbuld be strongest'when the capacito_l's are operated
near their rated voltage. Initial tests have been perfo.rme‘d,v and it appears :
likely that the voltage?eéualizing resistors placed in parallel wit‘h each c'apaac;:' |
~itor of the Berfk‘eley electrolytic banlcs are unnecessary.“

To date,’ a disadvantage of electrolytlc banks has been their rela-
tively large assembly costs due to the large number of components (the

megajoule bank contams 14,520 capac'ltors). Elimination of the pa.rallel
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resisto‘rs' results in iarge sa.vings'in-'aeesevm‘tdly costsi 'It-is felt that if
two. remammg obstacles can be hurdled electrolytlc banks have every
-poss1b111ty of being competitive ‘with the’ .011 paper capac1t0r banks used.
in most pulsed-magnet applications. | |

The firs't requirement is a different eapacitor't;efmihai arrange-.

ment., If the ca.pac1tor could be made to have oneA:ermmal on one end

"~ "and one on the other, similar to those on a flashhght ba.ttery, these could

then be _loaded into inexpensive 1nsulat1ng.racksw or tubes and s;mply
pressed to-gei:her. Discharge currents per string are‘low,'typically-
less than 500 A. A pressed type contact should reasonably handle these |
' currents. Alterna.tlvely, many series sectlons could be placed in long |
~ insulating containers having termlnals at each end. : 'I‘hese,conflguratlons: _
‘would permit vastly reduced as sefnbly co‘vs'ts. |

The last remaining obstacle is ‘o;le_.of ea;p‘acitor cost,. Recent
development efforts by the’ engineeringi s-taff' o:f(}tahe Los Alamos Sherwood
! Group soon will result in the availability of 10-kV fast oil-paper capac- -
itors for a price between 2 and 3 cents per :jeule. ”This is pfobably the
stiffest existing c_bmpe’tit.ion for electrolytic capacitors in.this app,lication.'.
These presently cost about 3.5 to 4 cents per joule in large .q-uantities. .l
It is felt that .if the electr_olytie, capacitof manufacturers can lower their
unit cost eiectrolytic banl»cs. will find widespread usage. Ad inc_reasing
number of experiments reddiz;e multiplel la.fge banks for'energizing ' | .

several coils at different times. Electrolytic banks, with their higher

would permit smaller installations with attendant s.avings'
in required buiiding spa.ce."‘
The major capacitor manufacturers have been questidned'a'v,]'ooutv

these possibilities and their recommendations should be forthcoming.’



Fig. 1.
Fig. 2,
Fig. 3.

"Fig. 4.-

-9-

Figure Captions

150-kJ 5-kV bank.

50-kJ 5-kV bank,
Megajoule 5-kV bank.
12.5-kJ module of megajoule Bank.
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