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TRANSTORMERS FOR EXPLOSIVE PULSED POVER COUPLING TO VARIOUS LOADS"

Be L. Freeman and W. H, Bostieck
Los Alamos Hational Laboratory
Los Alsmos, Nev Maxico, 87544, USA

ABSTRACT

Taps=wound step=up transformers have been fabricated and used with
magnetic flux compression generators in the past with effective coupling
coefficients of ~0.76. We have attempted to design some units with coef-
ficients in the range of 0.83-0.92 by taking advantage of newer dielec-
trics. The intent is to raise the voltage l’:‘ll from <0.39 MV/ca to the
range of 0.98-1.97 MV/ea. This has tha effect of meking the secondary
thinner and permitting a higher coupling efficiency. Several designs for
coupling the 13.2-cm-wide by 52.8-cm-long plate generator to loads in the
range of 10 to 30 Q with an output of ~1 MV have been studied. These
designs wmust take 1into account that the primary of the transformar 1is
ewitched into the circuit as a load in parallel with the generator’s
ballast inductor. Thus, the load impedance mist be transformed to be
comparable to /I. = Z, to transfer a eignificant fraction of the power
from the generator to the load. A final deeign examines the constraints
imposed by attempting to transform the output of a plate generator up to
10 KV into a high impedance load, ~377 fl. A voltage strees of 3.9 MV/ea
is required in this particular deeign for' 140 kV per tura in the
secondary winding.

INTRODUCTION

The plate-typs FCG (flux compression generator) is a lov impedance
source of pulsed power. To power a relatively high impedance load with
one of these gensrators, some method of ihpedance matching must be used
to couple the load with the power supply. The 13.2cm x 352.8 cm plate
generator schicves an ocutput impedance of 30-40 mfl near the completion of
its burn. However, an electron beam diode, for exzample, may represent a
load 1ispedance of 1-30 R, depending onm the exact configuration. To
effect the necessary match between the FCG and the load, we have designed
several air=core pulse transformers with diffsring characteristics to
illustrate the compromises that one may make in adapting transformer
technology for this application. An important aspect of this study is to
show how the construction can be tailored to achieave coupling coeffi-
cients »~0.9, with associated energy efficiencies. Our primary interest
has been to provide <1 MV to load impedances of 10, 20, and 30 ] from the

* Work supported by the US Department of Enargy.
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plate gemarater. Hswowse, ve silse simited the cite of & 340 iV lliiii
in vhich the lewed iageduoaes wee 377 6. .

Rieterically, sir-estd Ovomsfoviinr: v bovdk wied u;n.ﬁ
voltage from exploeiwe gamsrators by unin, a oelensid~vound osay
vith a ose=turn primery Wy Fewler, et al. , Erichoon, ot al.’ dew-
onstrated that a plate—genariter cutput conid be tramsferand te ~1 W Wy
ueing a 10.2~cadiamster, foll-!.i nu-ﬁry tronsforunt that wae &
direct descemdent of J. C. Martin’e sed transformsr dewslepment. Owr
goal has been to extend the achimto of Erickeon by tseking advantage
of never dielectrice that permit hizher voltags stresses in the secondary
vinding and by wusing better winding techniques. In this mmoner, one
expects to eignificantly improve on the previously reported coupling co-
efficient, k, of ~0.76 by making a thimner secondary winding or peck.
Such an improvement leade to an improvemsnt in the efficiency of
transferring energy from the genarator to the load which can be seen by
observing that for an inductive 1load, "'l..' tha load eurrent, 19y ie
naximlized vhea Ly, 1is minimized by

2, N

where L, = the traneformer primary 1ndg;tanco. L, = the transformer
secondary inductance, k = the coupling coofficiont and 1, = the oetray
inductance between the generator and tranofornnr. An .daitionnl benefit
of the newer materiale and tighter secondary vindinge should be an im-
provement in reliability which is crucial for eingle-shot explosive FCG
experimente.

CIRCUIT MODEL

To provide a baeis fo. diecuseion, wa etart by coneidering the
transformar circuit that wvas wmodeled. In _Hg. 1, the generator power
supply is shown coupled through a closing switch to the traneformer pri-
sary. In thie ocircuit, the quantities of interest in the model are
Lo = generator inductance, L; = generator impedsnce, Ly = ballast 1induc-
tor, T_ * time vhen cloeing ewitch conpletes circuit to the transformar
primary, L; = transformer primary inductance, L; = transformsr secondary
inductance, M = mputual inductance between the primary and secondary, n »
turn ratio of the traneformar, R;, = load resistance or impedance, V, =
voltage developed acroes I&. 1, = primagpy current, and 1, = secondary
csurrent. Now, if all quantities are referred to the prinary side of the
traneformer, wve have Fig. 2 where the quantities 12. 2v Y4 Yy, and lL
;r; traneformed to 13 = niy, L3 = Ly/a®, M’ = M/n, R "= R;/n®, and V| =

Ln.

Figure 1.
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Mgure 2

To obtain sows other useful quantities, we may use* the equivalent cir-
cuit, Fig. 3, to examine the "T" cquivalcnt of our transforwar. The L,
(101!:.0 inductance) is defined as Ly = (L; - ¥) + (L = X°), but vhen
coils L; and L, are telescoped over each other, are the ca.. length, and
are spaced close to oaeh other, then wa see that the leakage induccance
becounes LL " 2(L1 - M'). Also, M’ 1is now recognized as the shunt induc-
tance for the transformer. The coupling coefficient is defined as

ke X (2)
L)L,

and the leakage and shunt inductances can be represented as simple fune-
tions of k;

Ly« 21, (1-k) )

Lg 1M wLjk . (&)

However, the assumptions necessary to simplify Ly and the physical con-
straints requirsd to make an efficient air-core step=-up transformer re-
sult in a non=trivial Cp (distributed capacitance) which is primarily due
to the secondary coil. Thus, we nodi!y our circuit schematic to include
this capacitance in rig. 4, yhere CD is referred to the primary. The re-
lationship with Cp is CD = n“Cp. .

Throughout the circuit development, we have shown the closing switch
such that vhen it closes at Tg» the ballast inductor and the transformer
are parallel circuit elsments. Thus, we must not only transform the out-
put of the FCG up to the desired load vo}:n.c but ¢t load impedance
aust be transformed down such that ~ 2y = Llll.. vhers Iy =
the current flowing in the ballast { e:or. i' = the tine derivative of
the ballast current, and I, = the effective impedance of the ballast
loop. From an intuitive viewpoint, one can see that this is a very dy-
namic situation since an increase in  to the transformer will lead to a
decrease in B

ke Lo Tg (L4=M')  (Lg'-M")

Le M’ # LA

Tigure 3.



Figure 4.

This, in turn, lowers the effective Zy which acts to counter the match
being sought. Given this eituation, it was necessary to use both the
quantities that have been derived here and a circuit code, written by
Re 8. Caird, to analyse the specific transformer designs and load
impedances considered for the explosive power supplies.

SPECIFIC DESIGNS !

Specific tranaforwer designs have been obtained by using a "build-
out" approach. A winding mandrel eize is selected, and with this outer
diameter as a starting point, the remaining componante are added 1in
successive layere, Fig. 5. In this manner, the relative cross section of
the secondary winding within the primary coil is minimised, with an asso-
ciated increase i:» the coupling coefficient. An important consideration
in these designs is that they can be used only once, so the expense of an
individual wunit can be reduced vhile still preserving enough reliabilicy
to ensure adequate performance for ite one pulse. For example, the
mandrel could be an ulaborate, graded metal system with a very high
reliability, appropriate for rep-rate applications, but the expensa of
this approach would also be prohibitive for single-shot use.
Alternutively, PVC, polyvinyl chloride, pipe is very inexpensive and has
very desirable fabrication characteristics.

PRIMARY QOtL

GEOONDARY FOH WINDING
SEOONDAAY FILM INSULATION

SECONDARY COVIR

HIGH VOLTAGE
OUTPUT TERMINAL

PLAGTIC MANOAEL

Figure S.
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The calculations for tha 377 0 load were performed on the same cir-
cuit as for the smaller impedances, except initial generator currents of
1 and 2 MA were used, Table V. UPFor an initial current of 1 MA, the cur-
rents flowing in the generator, ballaet, and primary were very similar to
the typical case shown in Pig. 7. In Pig. 9, the voltage across the load
as a function of time is plotted for both the impedance matched, 137 turn
design and the significantly mismatched, 80 turn trsnsformer. The ini-
tial generator current for these plots was 2.0 MA. One should note that
the unmatched wave form is significantly different from the matched case.
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Table 11. Mandrel Sisze = 21.91 ca
npedmnes Sunbet Yltage Mrimny Seasnda fy Nptua} Ooupling Laalungs imet
of farese Laduptonss Ladest amte lodmitanse Omfficions [nductonm Lonirve ganee
(@) Turw (" /em) (oll) (oll) (nll) (all) (al)
10 18 1.n " », 000 1,14 (N . ] 10.% 1 })
10 10 [N} 19 n, - 1,1 00 1.8 130
20 n 1.7 138 Q,0 3. I *r 1.8 [} 4]
) 1 ] 1 », 300 3,310 044 153 13
» »n 1.9 it 131,080 3,950 “mn? 1.9 134
» 1] (] » 14, 000 4,070 .Ml 16.4 1
Table III. Mandrel Size = 47.50 ca
4
lapeda ambe Yol Prime Inqonda Metual O-Tl Loaksge - % 3
ree of ' ll‘nu_ hhnzu hhnt:’u Tadwat ones Conf I::I.“l Iadustanee ladus tsase
(Q) Term (/en) (ell) (all) (oll) (ul) (nll)
10 10 1.7 M) 108,000 3,90 ,Mm 13.1 b} )
10 10 0.M 154 109,000 4.0 0.9 1n.0 )
10 n 1.9 M) 144,000 0,40 0.1 15.1 e
10 Y] 0.9 % 3,000 9,040 0. n.o M)
n ] 1.9 e 34, 000 10,900 0.9M 15.0 134
30 » 0.4 1% 347,000 11,100 0.944 n.s M3
Table IYV.
Genetuter Primary bBesocndary Leed losd lead
Manirel lopedasss Ourremt  Ourreat Cafremt Yoltage hff Powur
(em) (8) (h) (WA) (hA) ({1)] (nJ ()
14,13 10 .80 .00 . m 4 13
0 .08 .10 Q.0 11% 4 [
» 5.0 .00 $0.0 1500 “ 13
.01 10 3.7 1.90 1.3 "n n "
 J 3.6 1.00 0.0 1200 » e
» 5.4 1.80 4.8 1420 & n
47,3 19 3.4 1.% .0 m 4) [} ]
] 5.9 1.58 33.0 1100 43 [ ]
» 5.4 1,31 Y 1300 “s »
Table V. Load Impedance = 377 Q, Voltage Stress = 3.9 MV/cm
Reader  Ilatttal Primey lessndary Goupling Lashage Shaat s ‘ Lead
of Corfast  Indwatssss Indwatsnee  Ooafflafent Induatanes Induer id rou
hrw (W) (a8) (w1} (ad) ww o wr e '
1 ! 107 1,410,000 0,904 M. ”.1 1.
137 2 197 L4000 O 1.1 . .0 R
”® | 19 493,000 0.911 10.1 .9 13.3 49 5.
® : 10 493,000 0,912 10,2 9.0 ) "0
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sssuibly e plneodl'tihtn a one-turn primévy cotl thst s sised for the
actual -caondary diamster.

To arrive at specific paramsters for the purposes of this atudy, &
numerical - calculation was used to compute the inductances of interest.
Three wore details are required before these calculations are possible.
First, for the smaller two mandrel sizes, & 30.4-cm-wide secondary foil
is plamned with the primary coil extending beyond the secondary by
0.64 cm on each end. The 47.5 cm mandrel is designed for a 45.7 cm
secondary length with a similar primary extensidn as in the other two
unite. A esimiler primary extension as for tha other two units is used
for this mandrel. Finally, in all cases the cover over the secondary
winding 1is 0.159-cm~thick. The results of thase calculations are pre-
santed in Tables I, II, and III, for the 14.13 cm, 21.9]1 cm, and 47.5 cm
mandrels, respectively. The number of turns vas determined by the re-
quirsment to transform the load 1Ip¢dan§p to the 30 nd of the generator.
Thc effective p’r-:urn clpneitnncc. . of the secondary winding can be

igzinn:cd by Cp 8 cc, A/S where ¢, = free space parmittivity = 8.85 x

H/m, ¢ - relative pcrni:t!vi:y. ’ = ares of one turn, and § =

1nsu1¢ ion thickness between turns. For the 21.91 cm mandrsl, thie will

give cp'. for the 1.97 MV/cm and 0.98 MV/cm stresses of about 12.] nfF and

6.21 nF, respectively. The net capacitance, » is than Cp = n/a, 8o

for example, the high-stress, 20 1 version of the transformer with this
mandrel will have sn approximate capacitance of 456 pF.

A final pair of designs addresses the extreme condition of
transforming the output of the plate FCG to power a 377 Q) load. In both
of these cases, the mandrel diameter is 21.91 cm, and 1its length in
61 cn. The insulation stress used is a very large 3.9 MV/cam, which aay
be just poseible with the latest dielectric materials on a ons-shot
basis. The difference in the two designs is that one has a n of 137,
which impedance matchss the 377 0 load to 20 &R}, while the other has a
somevhat arbitrary n of 80. This second value transforms the load impe-
dance down only to 59 ml, or about a factor of two above the noainal gen-
erator burnout impedance of 30 afl. The other quantities of interest are
listed in Table V.

CIRCUIT CALCULATIONS .

Circuit calculations have baen performed using the circuit in Pig. 1
and R. 8. Caird’s circuit code for the transformer designs in Tables I,
1I, and III. The one modification to this circuit was to add C, iato the
secondary eide of the transformer. Thus, the actusl cirenig that was
calculated 1is shown in Pig. 6. Ths gensrator modeled 1is the
13.2 cm x 52,8 ca plate flux compressiou generator. The initial current
in the generator and ballast inductor is 1.0 MA, and the ballast induc-
tance is 60 nH. The closing switch was actuazed at 13 us, relative to
first generator action, where the total flux compression time is 14 yus.
From the calculations, s typical example of the currents flowing in the
generator, ballast inductor, and transformer primsery as a function of
tine is shown in Fig, 7. A summary of the circuit calculations for the
transformer dssigns using a stress of 1.97 MV/cm is given in Table IV,
In PFig. 8, the 10 2 load voltage as a function of time is plotted for
each of the thres mandrel sises.



The design calomiatione demirwmisste thek, ox lessy Aoy
coupling coefficisnte siguifieantly ladver chm 09 O Ww
Also, the lashige LadudCanon vt Ty voagn of sendrel sl o
relatively wesk function with & wrimtion of wl¥ 2 Lo
course, this rangs would have been much grester if the lsagih o e
47.5-cm~dismeter mandrel had been maintained at the 30.4-ca-letigth of Wie
other two systems. Mavertheless, as demematrated by the resulvs of dhe
10 @ calculations, the coupling coefficient, while twportant, is wt Wi
complete answer to questioas of efficiency. In this inetance, the conldt-
nation of a k = 0.959 and a leakage inductance of 10.5 ol was suffigient
to allow the 21.91 cm mandrel transformer to pase the highest voltage and
pover to ite load. One should note that the difference from this msudrel
size to the 47.5 cm system in leakage inductance is only 4.7 nH, and the
large transformer had a clearly superior coupling coefficient of 0.978,
almost that of a ferrite cored unit. The reason for the sensitivity lies
in the remaining inductance of the plate FCG at the time the switch 1e
closed, only 48 nA. Thus, the largest mandrel, with ite larger values of
leakage 1inductance, never results in superior performance, even vith ite
large values of k. In fsct, for the 30 Q load impedancs, the smsllest
mandrel with its sinilarly esaller k value of 0.94! performs better than
either of the other two transformers. This 1is true primarily because
both the 21.91 ca and the &7.5 ¢m mandre) units now have leakage
inductances that sre a reasonable fraction of the remsining gensrator in-
ductance. To improve the performance of the largest mandrel in principle
one could lengthen the 47.5 cs mandrel until the relative 1inductances
vere lowered sufficiently to result in low leakage inductance while main-
taining these rather impressive coupling coefficients. However, as a
practical matter the inductance between the genserstor and tha primary
coil will increase with the very large difference between the width of
the generstor output and the width of the transformer primary coil. From
Eq. (1), the increase in this 1° can eignificantly reduce the system per-
formance, and one will probably find that these designe srs probably near
or elightly beyond the practical width to couple witk the 13.2 cm-wide
generator.

In the extrems transformer designs a very significant feature ie
revealed. While ths narroweet, fastest rising pulse ie obtained with the
trsnsformer designed to match the FCG output impedance with the load, the
overall bast performance, in terms of voltage, current, and power, 1
achieved with the unmatched unit. The voltage improvement ie 700 kV in
the later case. The reason for this 1is that the combination of a
slightly 1improved coupling coefficient and a lowar lsakage inductance
outweigh the significance of source-load impedance matching. Since the
choice of the turn ratio for the unmsatched traneformer was arbitrary, it
is quite pos3sible that a yet lower nuaber of turns would yield even
better performance in spite of an ever worsening impedance matching con-
dition.

SUMMARY

From these cslculations we can draw three concluesions. Firet, 1if
one can find and use dielectric systems that are reliable at voltage
stresses of 0.98~1.97 MV/cm, then it should be possible to construct
pulee transformers with coupling coefficiente of at least 0.9 or better.
For example, one might coneider ueing a combination of polypropylsne and
castor oil or polypropylens and fluorinet as two potsntial dielectric
systems to achieve hold-off of theee voltage oetresses. Another issus
concerns the esensitivity of the transformer performance to ite leakage
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wikta & plate gemerator is the power supply. The requirweeat
hiﬁﬂlﬂ&ri'th the coupliag coefficieant and the transformsr’s offessive
indectasios 1iu order to optimise systea perforusace hes beea
pmatize in transformsr desigs for decades. Whet is diffevent in
this instance is thet the transformer is being ewitched into the genera-
tor circuit at a times when there is only <50 nH of inductance remaining
in the FCG. Thus, the relative tuning of the transformesr for this power
supply 1s a somevhat more delicate matter than is usually the situationm.
Finally, we have seen, by using the calculations for the 377 9 load, that
the leakage inductance sensitivity in syetem performance with this power
supply can even outweigh the importance of impedance matching the load
vith the power supply. In the specific example given, this mismatch vas
a factor of two while the net output was significantly improved.

d

There are several aspects of air-core transformer deesign that were
a0t addressed. The most important aspect that was omitted is the impor-
tance and application of grading etructures within the winding structures
to control and, where necessary, lower the field etresses acting on the
insulation system. The omisaion here is only due to an effort to draw
the euphasis to the rather unique challenges of coupling a FCG through a
traneformer to a load. To build an experimental transformer, this aspect
of the design is a critical concern. Also, we did not attempt to address
the general issue of what differentiates a capacitor from a transformer
in terms of the ultimate voltage stresses that can be applied in the two
devices. PFinally, no effort was made to determine what the ultimate con-
straintes for energy flow through an air-core transformer could be. This
ie partly due to insufficient work on this eubject and partly due to
technological improvement which will change the results derived froam cur-
rent capability. Nevertheless, we anticipate addressing these questione
in the relatively near future within our experimental program.
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