g

Energy Storage and Dissipation Notes
Note 8 |

April 1971

Energy Storage Capacitors Of High Energy Density

by
P. Hoffman and J. Ferrante
Maxwell Laboratories, Inc.

Abstract _

The capacitor requirements of modern EMP generators are such that conven-
tional energy storage capacitbr's are not satisfactory., New co_ncep’ts of ca:paciior '
deéign will make available high energy density units with feiiable. performance for
future needs. A review of state-of-the-art energy storage capacitor characteristics
is presented, delineating the effect of dominant operatiohé,l mode on the physical
shape and energy density of a number of capacitor types. A specialized configuration
of energy storagé éapacitor, tailored to the requirements of EMP genérators, is
desc‘ribed and its performance characteristics detailed. Theée ﬁéw capacitor éon—
‘cepts may be appiied to specific applications in flisit_)n research uhder certain circuit

conditions which are discussed.




1. Introduction

The'high voltage pulse discharge capacitor as'we know it today owes its origin
to the special demands of the nuclear weapon program in the la{e 1940's. 1In the late
1950's, it underwerlt intensive evolution to meet the eXperi'mehfal requirements of
the controlled thermonuclear fusion program. In the early experiments, high voltage
power factor correction capacitors were used; as the limitations of such capacitors

~ for the pulse discharge applications became apparent, the cepacitor industry was |
prompfed to con_sider' such novel factors as i_ndﬁctance, peakr current capability and
discharge life.

Rapid progress was made in the period 1955-1961: the paper/castor-oil

capacitor was introduced, low—indlictance capacitors capable of discharging up to

150 kA at 120 kV were developed. Only minor 1mprovements were made unt11 the

rn1d—60's when the importance of the fllm dielectrics were realized. Today, the f11m
capac1tor offers the u1t1mate performance and re11ab111ty, but its cost tends to pre—

clude its use in many apphc&trons.

Recent requirements for ‘multi-megajoule, high-—voitage systems -- EMP simu-~
lators, for example.h— are posmg new problems for the capac1tor 1ndustry extreme
component rellab1hty is reqmred in order to prowde adequate system reliability,
new packaging configurations are desired and performance spec1flcat10ns are beconﬁ-—
ing strlngent. It is no longer adequate to consider the capac1t0r as an 1ndependent

element -- it must be considered as an integrated part of the total system.

2.  Marx Generator Capacitors

Modern Marx generator capacitors have some special requirements not
demanded of energy storage components used in I-Janks similar fo SCYLLAC, In
addition to extremely low inductance ‘and high peak current ce.pability, the terminal
face voltage gradient assumes an unusual importe.noe. If multi-megavolt generators
are to ha{re practical dimensions, at least oﬁe dimension of _the‘energy storage

capacitor must be small; a factor not normally oompatible'wi_th extremely high voltage,
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High energy density has always been desirable so the lar'ge capacitor banks

could be small in size with short transmission lines. In megajoule energy banks,

the primary concern was always volume, not weight, or at least weight was not the

primary concern. On the other hand, Marx generators tend tbget tall, and the less
weight fo be suppbrted, the better -- along with small size, of course, For Marx '

generators, the term "energy density' applies to weight.

With the previous statements in mind, let's look at some typical capacitors

 from a point of view other than low cost: Figure 1 shows some energy density values

of energy storage capacitors of various types - all the way from D. C. filter units
to a target value of 100 Joules/lb. established for a special EMP generator umit.
Numbers 8, 9 and 10 are insulating case capacitors of relatively low enefgy' content, -

although the energy density is high -- more on that later,

Figure 2 gives one an idea of the electrical stress on the dielectric of a variety
of high voltage capacitors. Although everyone here is probably familiar with the

well-known "Fifth Power Law" and kindred empirical constants which use dielectric

: Voltége stress é.sthe reference factor, one should be hesitant about jumping to con-

clusions regarding the reliability or longevity of the highly siressed items shown

here. There are.extenuating factors which carry considerable weight also,

Figure 3 shows the terminal face voltage gradient of several capacitors of
conventional metal case design and also two currently available plastic case units.
Number seven will almost certainly be achieved with an insulating case, or with no

case at all in the commonly accepted sense,

Fig‘ure 4 _sh_oﬁrs the influence of energy content on energy density for one of the
plastic case units included' in the previous figui'es. This is an important factor in
this particular capacitfor because increased energy content reéults from increased
length, the cross section dimensions staying the same., Even so, increased energy

density goes with increased energy content to a degree dependent on the shape.



CODE

1. Commercial Paper-0il ngh Voltage
Fiiter Capacitor

2. 120kV Energy Storage Cap_acitor

3. 1.85 uF, 60 kV Scyllac Capacitor

4, 14 pF, 20 kV ZEUS Capacitor

5. AURORA Plastic Case 45 kV Marx
Generator Capacitor '

ENERGY DENSITY (JOULES PER PQUND)}

6., MLI Type H, 60 kV Cylmdncal 100

Capacitor )
7. MLI Type M, 12 kV Cylindncal

Capacitor
8. SIEGE Plastic Case, 50 kV Marx

Generator Capacitor
9, Target Value, High Energy Density

Marx Capacitor ' _ 50
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Figure 1.

1. 14 pF, 20 kV ZEUS Capacitor
2. 1.85 uF, 60 kV Seyllac Capacitor
3. 120 kV Energy Storage Capacitor

4, 50 kV Marx Generator Capaecitor - P.C. Co.

5. Maxwell SIEGE 50 kV Capacitor
6. Maxwell AURORA 45 kV Capacitor
7. Target Value, ngh Energy Density
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Figure 2. Energy storage capacitors
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- The foregoing figures are not presented with the idea in mind of disparaging
the characteristics or capabilities of conventional energy storage capacitors. Each

capacitor type represented was designed and produced to fill a need which existed

~ then and still exisis. What was intended was to confirm the point that the need for

specialized capacitors in various activities where pulsed power was required resulted

in significant improvements in all performance factors of such capacitors.

3. High Energy Density Capacitor Design

- Another case in point is that of the dynamic situation concerned with power

capacitors used by the public and private utilities. Traditionally, that business has

. always been conservative and slow to accept new ideas. When the burgeoning need

for electric'al pbwer required techn’élogical advances in every phase of the power
distribution b!i'siness, the capacitor manufacturers reéponded. The present film
capacitdr represéhts a 200 percent increase in enér.gy density in the past ten jrears,
with comparable savings in coéts per KVAR and installation expense. The operating

costs are halved as a result of reduced dielectric losses,

~ Special capé.c_i_tors are neecied for the new generation of EMP generators, as
well, In fhese applications, high unit energy content is not necessarily desirable.
Since the total énergy involved is often in the megajoule area, it quickly becomes
apparent that reliability has become a major factor -- not extréme life; but feliable,

predictable short life, and at high energy density. .

To expand on this theme, consider the fact that mosf heavy duty energy storage
capaéitdrs consist of parallel assemblies of multiple paﬂ‘s or windings. A typical
unit -- such as the 1.85 uF - 60 kV capacitor described in Gfen Boicourt's paper
on the SCYLLAC capacitor development -~ has i2 parallel windings, each consisting
of éight sefie_s _ééctibns, or 96 vulnerable elements, the failure of any one of which
will cause failure’ of the capacitor. If a distribution of the intrinsic dielectric ‘stx.'ength
of each. section ~~ 96 in all -- was plotted, ohe would probably see the familiar bell-

shaped curve shown here. The maximum operating voltage must obviously be a .



value chosen to Be well below the minimum value on the statistical distribution, Even
greater safety factor is needed to allow for variations in voltage from one series
section to another, variations caused by normal manufacturing tolerances in setup
.' and winding. |

If a means of sorting out the substandard pads in every winding could be found,
we could skew the distribution in this manner and increase the operating voltage -~

and the energy density -~ at virtually no addii_:ioi;al cost. .

If we examine the design of most of the heavy duty energy storage capacitors
in use today, we will probably find that the dielectric system consists of multiple
layers of Kraft paper impregnated with castor oil. Both materials are excellent for
the purpose, of course, .but paper particularly has a fairly wide 'raﬁge of performance

capability. ' Any attempt to perform a selective sortihg operation on a paper pad is

hindered by the fact that the paper contains about 6 percent moisture and that moisture

isn't distributed evenly across the width of the web. Paper benefits tremendously
from vacuum drying and oil impregnation. The dielectric strength is increased

fourfold or more, and the quality is surprisingly uniform through a pad.

Reliability is most easily achieved by lowering the stress on the performing
elements. This avenue is contrary to our need for high energy density, so a better

‘means of improving performance is needed.

- Before drying, it is virtually impossible to perform a ‘meaningful sorting
operation on a paper dielectric pad. One can find gross errors by this method, but
that is not enough_ if our purpose is to obtain maximum energy density and reliability.

Also, before drying and impregnation, one is not testing the true quality of a paper

- dielectric.

B .From the foregoing, it can be seen that -- good as it is —«Ipaper dielectric
may not be the best route to maximum energy density. A materlal which can be
evaluated in a- subassembly stage should pernnt sorting w1th a great amount of -
accuracy and should be capable of operation close to the low limits of a narrow per-

formance distribution.




A plagtic _film-dielectric -- alone, or in combination with paper —- can be
tested, in pad form, | directly from a winding machine at a voltage greater than the
design operating value. If used with paper, the 6 percent mOistﬁre seems to gradé
the electrical stress and permit more effective culling, There are many combinations
of plastic films and paper, of course, and the proper sorting'voltége for each one
must be empirically determined, but this f)rocedure is a dependable means of increas-
ing the perf_ormar_ice level Where the dielectric strength of the materials is the limit-
ing factor. It is one of the procedures we use to achieve high energy density and.

retain reliability of the capacitors.

- An example of the result of fairly conservative voltage sorting of pads immediately
after winding is shown in Figure 5. These windings have no series sections, but the

pads are connected in series during installation.

The pads from which these data points were obtained were dripotted at a D. C.
voltage 10 percent greater than their rated charge voltage as a fjrocess control
measure. A significant amount of 1esser' quality pads were culled by this method.
Finished _capécitofs had a very low failure rate on over-voltage test after finiéhing

and the pad test data shown here predicts a high degree of reliability for the capacitors.

‘The process control procedure just described has othér advantages than elimi-
nation of weak sections. It is an effective means of safeguarc_ling_ against substandard
material, parﬁcularly so when more than one supplier is involved. Variations in
other operations are mo_nit_oréd_ by this type of test, and we were able to maintain
surveillance of equipment function for several items solely from the results of the

dripot test.

As part of a project to increase energy density to the greatest dégree, the
voltage between foils has been pushed beyond the point normally considered prudent.
HayWorthl reports a life proportional to E—4V-3'5Q_2'2' for polyester films ina -
report cbvering tests limited to an inter-foil voltagé of 5 kV at 'thé top end, _ExperiF.

ence with paper dielectric energy storage capacitors indicates that a maximum
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Figure 5. Survival probability versus shot life |
12,500 Volts/Pad
Dielectric Stress 6578 V/mil
_ Sample Voltage Joules/ {
Type Impregnant | Number | Voltage Reversal | Shots Lb.
4 ea. pads | Castor Oil 1 50 kV 0 5,196 141
1in series Castor Oil 2. 50 kv 0 i 14,153 141
" Castor Oil 3 50 kV 0 51,106 | 141
" Maxol A 4 50 kv 0 62,237 141
" Maxol A 5 50 kV 0 27,400 141

- Figure 6, Shot life unit test data
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section voltage of 8.5 to 9.0 kV must be observed unless one is to pay a severe penalty
in low reliability.an.d short life. Although our test program is far from finished,
interim results give promise of inter-foil voltage values at least as high as 12.5 kV,

partially made possible by the ability to sort out substandard components in a dripot

test.

The target values of 100 Joules per pound for énergy density, and 60 kV per
inch for voltage, are worthy goals. Figure 6 shows the results of some tests made
to prove the feasibility of achieving 100 Joules per pound employing a caseless
capacitor co'nstfu,ction. These capacitors were tested at 50 kV (12.5 kV/pad) and
| were actually tested in a plastic case in order to compare impregnants. The energy
content of fhe units f_vas around 825 Joules, an average value for unit capacitor energy
content for many of our Marx generators. Maxol Ais a propﬁetary impregnating
material permittingAﬂexibility in physical design while maintaining good electrical

" characteristics.

The high energy density capacitors described here were designéd specifically
for use in coh:ipact Marx generators. The techniques used to obtéin high energy
density were, .i'n part, useful becéuse of the type of material used. TFor this réason,
the cost of a given volume of capacitor is markedly higher than the paper-castor oil o
units so widely used. The benefits derived from higher energy density are usually
compounded, so the net results can be a net saving in cost where the operating

conditions can be met.
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