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Disclaimers

The findings in th is report are not to be construed as an
official Department of the Army position , unless so desig-
nated by other authorized documents.

The citation of trade names and names i f  manufacturers in
this report is not to be construed as official Government
indorsement or approval of commercial products or services
referenced herein. -

Disposition

Destroy this report when it. is no longer needed. Do not
return it. to the originator.
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A }LALF MECAW~TT PULSE FORMING NETWORK (PFN )

Dy

J .  E. Cre~~don
US Aruj y Electronics Technology and Devices Laboratory(ECOM)

Fort Monmouch , New Jersey 07703

alLd

ft. A. Fitch
Maxwell Laboratories

San Diego , Ca] i fo rni a 92123

BS~1~~ cr

A lightweight half the~~aWatt averagv k.ower pulse forming
network (PFN ) deslgn~ d to store 4 kilojoisles (k.J) at 40 kiloi-
volts h a s  becit developed. The e~ie~ gy storage system produces
a 10 u.lcrus~ cond pulse ~.c a cepetit ion rate of 125 hertz and
haD a olie ohm infpedance . it is designed to operate adiabatic-
ally for duracic ’nD 01 oU ~~~~~~~~ A lifetim e capability of
over 4 X 10~ pulses has been dem onstrated.

Introduccion

The objective specifications 1~or the half  megawatt pulse forming
network t~FFN ) are given in Table I.

The r.equirema~ ncs arc not exceptius ’aJ but what makes it interest—
in6 is the coumbination of repetition rate, l ife , temperature , and
weight; especially the weight and getting it all to weight in at 100
pounds , constitutes a challenge.

The problem essurstially is one of maximizing mean—power (mass)

~knsity — while keeping a rein oi~ size , since high volume density is
also a requirement, albeit a lesser one.

A PFN comprises capacitors , inductors , and some sort of structure .
Aside from the routine determination of appropriate circuit con—
stan i.s , ‘we u*ust ensure that the :!nnuctor s uc not melt or fatigue ; that
the capacitors do not break dO%~u c.ecrrie.ally or burst; and that
external ilastmover dues not happ.i. - evem. in the elevated temperature

• (reduced nwaber density) of thc air ~urrounding the hot inductors.
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TABLE I

Specifications

• Voltage 40 kV maximum
Energy 4 kJ at 40 kV
Impedance 1 ohm
Reversal 20 percent
Pulse length 10 ~is (nominal)
Rise time 1 us (10—90 percent)
Fall time 2 us (90—10 percent)
Ripple ± 5 percent
Pulse repetition rate 125 Hz
Number of pulses per burs t 4,688 maximum
Burst duration 30 — 75 seconds
Ambient temperature 65°C maximum
Life (99.5Z reliability) >iOS @ 65°C*

>i06 @ 20°C*
Weight 45 kg*

* These numbers are design goals.

Inductors

In a 30—second burst the coils behave largely adiabatically . On a
purely adiabatic mode l the material criterion t urns out quite simply to

~e ~I~ l/ 2 ( where s is the heat capacity per unit weight , and p is the
?lect rical resistivity) . We can , therefore , grade likely materials
~sccording to this criterion as shown in Table II.

TABLE II

Figure of merit for PFN coil materials

—1 —1/2
cal gin ( c!nç~)

beryliun 250
ber liurn alloy 230
aluminum 130
magnesium 120
aluminimi alloy (606 1—76 ) 115
magnesium alloy (ZE 10 A—H24) 110
copper 74
silver 46

Obviously we choose berylium — until we discover the cost, then we
start thinking about two—component systems for which, of course, we
have two figures of merit: one for the conductor and the other for
the heat reservoir (it is not a heat sink). The first is the same as
in Table II, the second would be water — were it not for the high vapor
pressure. We have experimented with a glycol/water mixture, which

L .  ~~~~~~~~~~~~~~~~~~~~~~~ _ _
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worked very well until ~i fabrication defect caused a leak — which
tended to put liquids in disfavor. Liquids , in fact, are inconvenient
for another reason, viz., the varying heat deposition along the length
of the coil: the front section carries current throughout the entire
pulse, while the rear section is only active for about 20 percent of
the pulse le gth. For minimum weight , therefore , we should grade the
heat—reservoir mass according to the section position , which is diffi-
cult to do with liquids; tubing with tailored wall thickness would be H
ideal, but, in practice, loading the tube (before coiling) with a
tapering bundle of aluminum wire gives a fair  approximation to the
ideal.

From a weight—saving point of view , the ho t te r  we run the coil
the better:  less mass is needed to absorb the heat and there is more
cooling during the pulse (less adiabat ici ty)  resulting in less heat

‘ to be absorbed. Naturally , l imits are set by the properties of the
coil material or the proximity of other components. But the principal
concern is to prevent the capacitor terminals rising above about 100°C.
To avoid the heavy weight penalty of such a cool coil, we devised a
thermal—insulator—electrical—conductor to connect the coil to the
capacitor: it consists of a stub of large—diameter , thin—walled
tubing filled with water; in addition , we can decrease the wire
loading in these coil turns remote from the connection point.

The single—shot mechanical forces on the coil are not severe
because the momentum pulse is modest; but severe vibration can build 

- 
-

up in repetitive operation . Such vibration can be devastating to
the internal capacitor connections , and to control this we have
resorted to a snubbing clamp gripping the coil connections as shown
in Figure 1.

Capacitors

Capacitors have rarely hitherto been required to run in bursts
of high mean power with minimum weight . Thus, the design constraints
are totally different from the usual oi.es such as cost/J—shot , in-
ductance, peak current capability , fai]ut? distribution, power factor,
shape, etc., more or less depending upon the application . Capacitor
design is still more of an art than a science , and a variety of likely
materials in various combinations were studied under the subject duty
conditions. A grand total of 49.8 million shots have been accumulated
on typical (50 to 100 joule) test samples to date.

It was discovered during this excrcise that performance was often
better at 65°C than at 20°C. This behaviour is quite anamalous, it
had never been seen in previous capacitor applications . It led us to
the hypothesis that failure resulted from poisoning by the concentra—
don of corona—degraded by-products which do not have time to dissi—
pate as they would in a conventional operating mode where the genera-

- • don rate is low. We therefore evolved designs In which pockets for
gas trapping were minimized , and we included additives to neutralize
the by—products. In the r’sult , our best design exhibited test lives 
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of ove r 4. 106 shots , of which approximately one million were at an
effective energy density of 13 J/kg and three million at an effective
energy density of 19 J/kg with sin~J.e failure (out of 16 samples) at
1.4 X 106 shots. (The effective energy density refers to the full—
size PFN caoacitor: the ener~v densit

y in the .qamnl~c w~ s less hpcau.se
of the poorer volume/case ratio with smaller units.) At this point
the capacitors were refilled with fresh impregnant and tests continued
at an effective energy density of 23 J/kg. Re—impregnating capacitors
is not recommended; it was done in this case to obtain some hint of the
life/energy—density capability of this design without the expense and
delay of making brand new samples ( the old ones at four million shots
were accumulating data at a tediously negligible rate.) These refur-
bished samples failed over the range 219,000 to 693,000 shots; virgin
samples might be expected to perform even more attractively.

5t ruct ure

The capacitor cases constitute the bulk of the structure. Poly—
Dropylene brackets welded on to the top and bottom corners of the
plastic cases were used to tie the capacitors to 1.25 cm diameter
epoxy—fiberglass rods , and further support was provided by the snubbin~
clamp along the coil connt ctions . The s t ructure  weight (excluding the
capacito r cases themselves) amounted to less than 4 pe rcent of the
total weigh t .

P~~ Per formance

Six half size , 2 kilojoule 2 ohm PFNs, and two full  size 4 kJ
1 ohm PFN s have been manufactured at Maxwell and then tested at ECOM.
The 4 kJ PFN. shown in Figure 1, is 88 cm lon g X 4C5 cm wide and weighs
50 kg total . The evaluation was conducted in a dc resonant charg ing
ci rcui t having a 1. 4 henry choke , and a hold—off  diode . The dc power
supply is rated at 37 kilovolts and 40 amperes ave rage current. A
resistive load made from a series parallel arrangement of ohmweave
resistors was used. Various switches were used including the MAPS 250 ,
n APS 80 , MAPS 40 , KU 375 , CM 1222 thyratron and an experimental cross
field closing device. Pulse burst durations of 5 , 15 , 30 , and 60
seconds were used in the evaluation . 0ff—t imes of from one to four
and a half minutes were used in a somewhat random fashion depending on
the ambient temperature of the capacitor cases which ranged from 20°C
to 65°C.

Polypropylene dielectric and castor oil impregnate was used in
f our of the 2 kJ PFN s and polycarbonate and castor oil was used in two
of the 2 kJ PFNs and both of the 4 kJ units. Average lifetime before
failure for 7 capacitors of the 2 kJ polypropylene PFNs was 145,000
pulses. First capacitor failure on the 2 kJ po1ycarbor.~te PFN occurred
at 800,000 pulses. To date , 4 capacitors in the 4 kJ units have failed
at 41,000 234,000, 298,000, and 343,000 pulses respectively. Five
:apacltors now have over 200,000 pulses and three over 350,000 pulses
tnd are still operating satisfactorily.
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This st idy has evolved the components for a 4 kJ 40 kV, light-
weight , high—mean—power PFN for use in a burst mode at 125 pps . The -

inductors are simple helical coils of copper tubing. The plastic—
cased capacitors have been designed specifically for high—mean—power
density in burst mode and have expected lives — 106 shots at 65°C
with an energy density of 19 J/kg. The finished 4 kJ unit weights -

5f’) kt. I
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