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FOREWORD

In this report. electrical expressions have been obtain ed l’or the ideal response
of normal-mode shock--depoled l’ZT ferroe lectric ceramics wi th  resistive , capacitive .
and induct ive loads. These results have application in the design of single—shot
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I . INTRODUCTION

Shock-excited lead zircon ate t i t an ate  (PZT) ferroe lectric ceramic materials hav e
been used in single-shot pulse power supplies to deliver average powers that  range
from a t’ew hundred ki lowat ts  to a megawatt  in a few microseconds. ‘~~ The boun d
surface charge is released from the poled PZT ceram ic as a shock wave passes
through it. Previous experimental investigations of charge release phenome na tinder
shock wave compression have been concerned primarily with short -circuit conditions
and large resistive loads. 2 ’4 A t’ew investigations have been reported for capacitive
loads 1 and inductive loads . 5 To date a detailed theory has not been developed for
the electrical response of a shock-compressed t’erroe lectric ceramic due to the
complicated nature of the depo ling process .2 The purpose of this  report is to derive
electrical expressions for the response of shock-depoled ferroelectric ceramics wi th
various loads by using simple assumptions for the depo ling process, Electrical
expressions are obtained for the charge , vo l tage , current , and energy in the circuit
t’or resistive , capacitive , and induct ive loads that  range from short-circuit to
open-circuit conditions. Plots are presented for these expressions. The results wil l  be
usefu l in es t imat ing the actual  response of shock— depoled PZT materials as the
magnitude and type  of load varies.

PZT ceramic materials are usually depoled in e i ther  of two modes: normal
mode or axial  mode. The shock wave propagates throug h the PZT m aterial  in
direction either perpe n dicular  or parallel to the PZT remanent polar i z at ion ~ccto r lo r
normal— or axial—mode dep oh in g.  respectivel y . Normal—mode dep ol i t i g  is  u sual l ~
preferred for hig h—voltage applications since for axial—mode dep oh in g t ime—dependent
electric fields much larger tha i i  the dielectr ic  breakdown st rength  of the PiT
mater ia l  can he generated behi n d the shuck front . 4 I n  this  rep ort . Oi3 l\ nI ) r n!a l — mnode
depo li ng  is considered ,

l ’lie simple assu m pt ions tha t  arc made con cerning tI l e shIiL k d cpu l in io  ul  the
1’! I n i a t e rm a l  and the t w o  I’ZT geometries that  are consider ed are gi~ e~i i;i Se~ 1 RI:!

I I ,  Sections I I I .  IV , a nd V co nta in  the anal y ses for the resistive . c apa c it i s  c, and
i nduc t ive  loads. respectivel y - Geometrical site es t imates  ( I t  P / F  u n i t s  f u r  pt ike t f
p~~~er supplie s f ’or selected hig h—vol tage  energy converters are invc n i i i  Sect ion \ l  -

Sect ion V I I  conta ins  the summar .
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II . SIMPLIFYING ASSUMPTIONS FOR THE CHARGE RELEASE
FROM A SHOCK-DEPOLED PZT UNIT

It is assimnied in this analysis that the PZT material responds in what will be
called an ideal manner. The assumptions for this type of response are : ( 1)  the
shock front is steady and moves with a single shock velocity U , (2) the pern iitt ivity
of the PZT material is strictly constant (no dielectric relaxation) and equal ahead of’
and behind the shock front , (3) no electrical breakdown and conduction occur in
the PZT material , (4) the PZT material is depoled completely and instantaneously at
the shock front with no kinetic et ’fects occurring, (5) the strain behind the shock
t’ront is negli gible , and (6) once the PZT material conies under shock-wave
compression . it remains in that stress state. Although these simp lifying assumptions
do not hold t’or all depo h ing modes , stress values , and electrical load condit ons ,4 ’6 ’7
experimental results have shown that a stress range exists for sonic PZT materials in
which the simplifying assumptions are approximately valid . 1 , 8 1 0

The two geometrical shapes for the PZT material that are considered in this
study are the rectangul ar PZT uni t  and the hollow-cy linder PZT uni t .  A schematic
for the normal-mode depoling of ’ a rectangular unit is shown in Figure 1(a) . A
planar shock wave is produced at one surface 0!’ the unit usually by explosive
detonation or projectile impact. A schematic for the normal-mod e depo h ing of ’ a
hollow—cylinder uni t  is shown in Figure 1(b). For this uni t , a shock wave is
produced by axial detonation of’ a concentric cylinder of explosive located inside the
l’ZT cy linder. The PZT material is usually surrounded with  a high-dielec tric-strength
mater ial (such as alumina-filled epoxy or transformer oil) to reduce the possibility of
dielectric breakdown around the edges of the unit t inder the combined effects of
high voltage and stress.

For the rectangular  PZT uni t , the bound surface ch arge is released in a linear
manner by the propagating shock wave. At t ime t the released charg e is

0~~~~t~~~~r .0 ~q( t ) ’  ( I )
P0 A . t > r .

where A = w~ is the i’lcL ’troded area and r = Q/U is the shock transi t  t ime. The
capacitances behind amid ahead of the shock t’ront are given . respectively. by

C i ( t ) = —
~~~~~

-
~

- . 0~~~~t~~~~r .  (2 )
h r
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Figure 1. Schematic ot the normal-mod e depoling of (a) a rectangular PZT unit arid
(b) a hollow-c ylinder PZT unit with an arbitrary load . A unit consists of a stack of
PZT elements. The rectangular unit has width w , length ~~, and height h. A shock
wave enters the heft surface of the unit amid propagates in the direction ~ with a
steady shock velocity U. The ho l low .cy l inder unit has inner radius r0, outer radius
r 1, wa ll thickness t , and height h. A shock wav e enters the inner surface of the
unit and propagates outward in a radial direction with a stead y shoc k velocity U.
At time t the shock f ront is indicated by the dashed li nes. Reg ions 1 and 2 are
behind and ahead of the sh ock front , respectively. It is assumed that t he remaneri t
polarization P0 is reduced to zero by the pro pagating shock wave , thereby releasing

- .~~ the bound surfac e charge behind the shock front. The released charge is distributed
between the PZT unit and the load , resulting in a voltage V(t).
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and

C7 ( t )  = 
~~~~~ (I - , 0 ~ t ~ r .  (3)

where e is the constant pern ’m i t t i v it ~ of t he PZT material .  The equivalent capacitance
of the PZT un it  is constant and given by

Ac
= (‘ 1 t ) + ( ’ , ( t )  = 

—i--’ . t ~~~ 0 . (4 )

For the hollow-cy li nder i’ZT u n i t ,  the shock wave propagates outward in a
rad ial direction.  T h e  released charge at t ime t is give n by

‘‘I -I — 1 n
— +—

q ( t )  
~~~ PII A

(

21.11 ~ (;) 
. 0 ~ t ~ 

( S )

I > T

where A = ~~~2 (2 r 11 /~ ) + I I  and r = c / U .  The I~ZT capacitances behind and ahead
of the shock f ron t  are , respectively.

/2r () t\

C (I) = 
Ae~~ Q 

- ~~ ~~~~. 
(6 )

h (2r u~~~~
’
~\ r J
/

~ii it l

C , ( t )  = 

~~~~ 
[ 

(

~~
m-
I )

( T ) ] -  
0 ~ t ~ T .

- - 

.

~~~~~~~
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The equivalent capacitance of ’ the PZT uni t  is constant amid given by

C = (‘, ( t ) ÷ C, ( t )  = . ~ 0 .  (8

The above expressions !‘or the hollow-cylinder I3ZT uni t  reduce to those for the
rectangular PZT unit  for r~/Q ~ I. In this cas~ the geometrical factor
I ( 2r~J Q) 4 t / rl /1 ( 2r (1 / Q) + I I  in Equat ions (5) . (6). and (7) approaches a value of I
The shock depoh ing of ’ a thin-walled hollow-cylinder um i it  will give essentially th e
same t ime dependence of charge release as the ‘~mock depoling of a rectangular u n i t .

I I I .  RESIST iVE LOAD

A. GENERAL CIRCUIT EQUATIONS

In this section . the load in Figures 1(a) and 1(b) is takemi to be a resistance K.
- The voltage balance equation is

i ( t ) R = V( t)  . t ~~~ 0 , ( 9 )

where q ( t )  is the charge on the PZT tm ni t  at t ime t. and C is the capacitance of
the u n i t  wh ich is given either by E q tm atiom i (4) or (8) .  The charge comis ervation
cqm. mation is

q( t ) = q , ( t ) +  5 i( t )dt . t ~ 0 .  ( 1 0)

I ) iff ’e rent ia t ing E quatiom i (10) amid su bst i t u mtim i g i ( t )  fr on i Eq u mat i on (9) gives

dqjt) qQ (t) dq (t)
+ = — . t~~~ 0. (II)

dt RC dt

I f

- 
- ____
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This equation can be solved t’or q~ ( t )  by subst i tu t ing q ( t )  froni either Equatio n ( I
or ( 5 ) .  For 0 ~ t ~ r . the ini t ial  con dit iom i q (0) 0 is used for obtaining q ( t ) .
For t > T, the derived expression for q ( r )  is used as ~n ini t ia l  condition.

B. RECTANGULAR PZT UNIT

In this section. expressions for the charge , voltage , current ,  amid energ y f’or the
rectangular PZT uni t  with a resistive load are derived. The charge qj t )  is obtained
by solving Equation ( 1 1 )  and using q ( t )  l’rom Equation ( I ) .  The result is

P A ( _ J ( l _ e _ m
~~

o ) . ~ ~ t ~\ r I
q~( t )  = ( 1 2 )

P~, A 
(~~~) ( C T 1~~ - I )e -~~~~~~ , t > r .

The voltage on the PiT u m m iit can be obtained from the expression

q . ( t )
V ( t )  = a” t ~ 0 .  ( 1 3 )

Figu re 2 ( a )  is a p lot of the miormalized charge and ~oltage f ’or various values of
RC/ r.  The circuit current is obtained from the expression

i( t)  = , t ~ 0 .  (1 4 )

Figure 2 (b )  is a plot of the normalized current t’or various values of RC/ r.  For a
given shock transit  t ime r and PZT capac itam ice C. the magnitude of the
correspom idim ig resistive load R c~mi be obtained for each curv e in the figure. Cum rr em it
histories for  norma l-niode-d epoled PZT 95/ 5 rectangular un i t s  have been mne asured as
a !‘unct iom i  of load re sistam ice . 3 . 1 1  (l’ZT 95/ 5 is a solid solution c o nta im l ing 95 mole

‘ lead zircom i ate and 5 niole % lead t i tanate  with niobium as a rniiior added
com i st i t u em i t . )  Al though charge conduction occurred in th e PiT material ,  the current
histories are similar  to those imi Figtmre ~(b ) .

6
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110.50 \~
)
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1 

0.25 
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io~~~~~~~~~~~~~~~~~~~ = o;:N clR~wT J~~~~

TIME
(b)

Figure 2. Electrical relations for a rectangular PZT unit with a resistive load for
var ious values of RCIr . (a) Normalized charge q~(t) IP0A or voltag e V(t )/ (P0 A/C) on
the PZT unit. (b) Normalized circuit cu rrent i(t)/(P0 A/r).
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The amount of ’ charge that has flowed through the resistance at time t is given
by Equation (10). Making substitutions for q(t) and q (t) gives (‘or this charge

r~ RC .1
I P A l  — — — (I — ~~~~~ ) I . 0 ~~ t ~ r

i( t )d t ~ 
° L~ ~ J ( 15)

I- r RCr P0 A ) I  - _ ( eT~~~~ - l)e’~~ I I > I
L T J

For the open-circuit case (RC/r = 00), q~( t )  q( t ) .  All the released charge
remains on the PZT uni t  (‘or all t ime t. For this case the charge and voltage on the
PZT unit  are linear t’unctions of ’ t ime for 0 ~ t ~ r and constant for t > r. The
current is zero (‘or all time t. Figure 2 shows these relationships. For the
short-circuit case (RCJT = 0). q~(t) = 0 l’or all t amid i(t) = P0 A/r (‘or 0 ~ t ~ r
amid equmals zero (‘or I > r. No charge reniai ns on the I~ZT unit. All the charge is
released in the timii e interval 0 ~ t ~ r. For RC/ r  between these two extr emi ~es, the
PZT uni t  is charged during the imiterval 0 ~ t ~ r amid discharged (‘or t > r. As
R(’/r increases from the short -circ u it  case , more charge remains on the PZT unit
during the shock transit time. A maximum voltage of P0A/C occurs at shock tramisit
time for the opemi-circuit case. For a sufficiently large remanent polarization P0 . this
max imum voltage cami be large enough to cause electrical breakdown in the PZT
uni t .  The area under the current pulse curves is given by P0 A for all values of
RC/r except 00, This mnea n s that for large enough times , all the released charge
flows through the resistance. For RC/ r = ~~~~ no charge flows through the resistance.

It is not necessary to have exactly zero resistance R to observe t h e  short-circuit
cumrremit pulse iii Figure 2(b). In some cases , an R of 100 ~ or even I k~ w ill no t
a(’f’ect (as observed experinientally) the amplitude of the short-circuit current pulse.
It is only miecessary that  RC/r be small emioumgh that the shape of the measured
pulse is essentially the same as the short-circuit case. For example , it’ C 250 pF
amid i’ 2.5 ~s (values fromim Reference I) the ratio RC/r is 0.01 for an R of
100 ~2. In Figure 2(b). t h e  current pumlse f~r this case would be essentially
ummchamige ul (‘roni the RC/r = 0 case.

From th is discussion it can be concluded that the important circuit parameters
are the shock transit  t ime r amid the RC tinie constant. r is the controlling
pa r am li eter  (‘or small RC/r~ charge flows to the external circuit as fast as it is
released by the shock wave. RC is the controlling parameter for large RC/ r :  charge
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is released to the PZT unit by the shock wave at a faster rate than it (lows to the
external circuit. Theret’ore, charge anJ voltage on the un i t  increa se dur ing  shock
transit tim ii e.

Au imiteresting point to consider is an increase im i t I m e magni tude  of the shock
velocity. As the shock velocity U appr oaches i n f i n i t y ,  th e shock tr ansit  t im mi e r
approaches zero. This m n eam i s that there is no charg ing phase for  the P7.1’ u m m i t  : i .e . .
at t = 0 the charge P0A appears on the PZT u n i t .  Fxpressi ons (‘or the  charge q (t
amid current i(t ) for the discharg imig phase , t > 0, can be obtained from
Equations (12) amid (14), respectivel y. using the equation s for t > r .

For r = 0. the charge beco m es

q ( t .r 0) = him 
[P1i A (~~~~)(e

T
~~~~ - l ) e ~~~~~

]  
= P

11
A e ~~~~ . t > 0 ,  ( 16 )

The cimrrent is given by

P~Ai ( t . r  0) _
~~ _ e u/

~~
’ 
. t > 0 .  ( 1 7 )

These equations are the expressions for discharging a capacitor w i th  in i t ia l  charge
P~A through a resistance K. For K = 00~ q , ( t . r = 0) = P0A and i ( t .r = 0) = 0:
i . e . the charge remains on the ! ‘ZT unit , For R = 0. q ( t ,r = 0) = 0 and
i( t ,r = 0) = 00~ This case is analagous to short c i rcu i t ing  a charged cap acitor.

An expression for the  electr ical  energy dissipated in the resistance is gi~ e n b\

F1 ( t )  = R f  i 2 ( t )  dt . t ~ 0. (1 8)

l o  sub . c th i s  e qu a t iom i .  use i( t ) = q, ( t )/R( ’ a nd i( t )dt = dq — dq , . Substituting gi~ cs

( ] .

F, ( t )  = J ~~d q -  f ~~dq .  . t ~ 0. ( 19) 
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Integrating the last term and umsing E1(t) = E~ (t) + EL (t) and

2 (t)
E~ (t) 2C t ~ 0, (2 0)

gives

E1(t )~~ f

t
q~dq t~~~ 0. (21)

This is the electrical energy equation for the circuit.  The electrical energy in the
circuit increases for 0 ~ t ~ ~ to a maximum value determined by the integral in
the above equation. For t > r th e energy does not increase because dq = 0.
Evaluating the integral gives

P A ‘RC ~_ __ (
\~
_)(~

(t)_
~~~(tfl . 0 ~~ t ~~~ r ,

C r ‘-

E ( t )  = ( 22 )r P~A !RC \—a--- ~~~~~~~~~~~~~~~~ . t > r .

Figures 3(a), 3(b), and 3(c) are , respectively, ti m e nornialized energy omm the PZT um iit
obtained froni Equation (20) . the normalized energy dissipated iii the resistance
obtained from Equation ( 18 ) .  and the total normalized circuit  energy obtained from
Equation (22).

For the short-circuit ease (R ( ’/ r  = 0). F1 ( t )  = 0 (‘or all t. All released charge
flows immediately in the external  circui t ,  E( . ( t )  = 0, because there is mi o ch arge or
voltage bui ldup on the PZT uni t  amid E L ( 1) 0 because ti m e resistance is zero. This
corresponds to the case of ’ current t iowim ig (magni tude  P~ A r) .  hut  no e l ectr i cal
energy is being stored or dissipated .

Maximum electrical energy is stored on tI m e PZT uni t  l’or the open—circuit  case ‘~4~(RC/r  = 00) Also , F 1 ( t )  0 (‘or all t because all time charge is stored on the
capacitance. As RC/ r —~ 00, E quation (22)  becomes

(P 0 A) 2 / t \ 2 -
2C I~~) 

.

I - .(t .R( /r = 00) = ( 2 3 )

~ (P 1 A ) ”
t > r .
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\ RECTANGULAR UNIT

j~TIT~~~~
~~ 

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

TIME
( a)

~ 1.00

0.15 - ______________

~ 0 50 - ,
.- 7’ 

- ‘IOPEN CIRCU IT ( 
-

~~~~~~0.25 ’ / 1~~~~ ,T
__

~~~~
0l

3r 4i’
TIME

)b )

>~~~1.00

~ 0.15 - / 
—

~~~~ 

(OPEN CIRCUIT) ‘s”— ~~ 10 
-

0,50 - 

~~~~~ 

1 RECTANGULAR UNIT 
-

~ 0.25~~
,,,
/
/’

0 (SHORT C I RCUIT (

TIME
(c)

Figure 3. Energy relations for a rectangular PZT unit with a resistive load for
var ious values of RC/r . (a) Normalized energy E

~
(t )/ ((P0 A)2 /2C) on the PZT unit.

(b) Normalized energy EL (t )/ (( P 0 A)2 /2C) dissipated in the resistive load. (c ) Total
normalized energy ET (t )/UP0 A)2/2C).
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This can be shown by um sing

q( t) — q~ (t )  = —~~--- (‘i) ( f-) + higher order (~~~) terms , 0 ~ t ~~~ r . (24)

as RC/r ‘~~

The expression (P 0 A) 2 / 2C is ti m e niaxi n ium energy (‘or an ideal PZT unit ,  This
energy is usually not achieved in a depolimig experiment for a PZT unit poled to
niax imum ren m anent polarization. simice the associated voltage P0 A/C gives an elect r ic
field that can be much larger than th e breakdown strength of the PZT material  For
example , in Reference I . soni c of the PZT 56/44 uni ts  that were shock loaded were
cubes wi th  a side d of 1 2. 7 mmn. The units  had a polarizatiom i P0 of 0.33 p C/ mm2 .
an available charge P0A of 50 jiC, amid a capacitamice C of about 250 pF. (PZT
56/44 is a solid so lumtion containg 56 mole ~ lead zirconate and 44 mole ~ lead
titanate with mimior added comisti tuments of ’ m i iob iumi i , strontiu m ii , and l a n t h a n u m . )  For
these uni ts  the calculated voltage P0 A/C is 200 kV and the calculated electric field
(P 0 A/C) / d is 15.7 kV / mm.  This electric field is aboum t (‘our times larger than a
breakdown field of 3.7 kV/ mm (‘or a similar material . PZT 65/35, nieas umred under
anibiemit conditions. tm 2 (PZT 65/ 35  is a solid solution containing 65 mole ~ lead
zirconate amid 35 mole ‘/~ lead t i t am m ate  wi th niobium m i as a minor added const i tu m en t . )
To prevent electrical breakdown , it becomes necessary to choose the load paranieters
so t h at ti m e c i rcui t  voltage and the correspomidi mig electric field are reduced .
Tiierel ’ore. only a f ’ra ction of the energy (P 0 A ) 2 /2C and emiergy density
( ( P

11
A) 2 /2 C)/d 3 of S J amid 2 , 5 J/ cm 3 . respectively. are available from ti m e PZT uni t .

It should he noted that  if the PZT 56/44 material were poled to a renianent
polarizatiomi value less than tI m e representative value of 0.33 pC/mm 2 

. then electrical
breakdown in the u m m i i t  woum i d be less likely to occur and the energy (P 0 A) 2 /2C
would then be achieved at a lower hut more realistic value.

Figu re 3 indicates that electrical energy is both supplied to the PZT un i t  amid
dissipated in the resistance during shock tram i sit t ime r , But (‘or t > r the total
c i rcui t  energy is comistant :  energy omi the PZT u nit  is being diss i pa ted i n t h e
resistance. For example , at t = r (‘or ti m e RC/r = I curves , ti m e normal ized circuit
energy is about 73’~ , About 40~ is stored on the PZT unit  and about 33’, has
beemi dissipated im i the resistance. For t > r the 40’ stored omi ( lie un i t  is
dissipated 1 m m abou t 2r. Figure 4 is a set of normalized energy curves showing t h is
be havior at t r (‘or RC/r ra n gimig fromii 10~~ to I 0~ . Time cu mr v e (‘or ti m e emierg y
dissipated in the re sistam ice reaches a m n ax i m i i i mmi i  (‘or RC/r 0.529 The ma xim i lu m mi
energy dissipated is 0.381 ((P 11 A) 2 /2C) . This cami be comitrasted wi th  the miiaxim i i u m m
volt age which occurs for RC /r = 00 and the m ii axi m um nm charge transl’er which occurs

12
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(or R(’ 7r 0. At m a x i m n u m u  energy transfe r (lie cn erg \ on the PZT un i t  is about
0.2 ( P1~ A ) 2 / 2(’ ). Als o , t he energy stored om i the I~ZT u n i t  e qu mais  t i m e energy
dissipate d i i i  ti me resistance for  R( ’/r 0.868. 4

C. HOLLOW-CYLINI)ER PZT UNIT

In t h is section expressions are derived for the charge , vo ltage , current , and
c n erg~ in a c i rcu i t  con s is t ing of a h o l l ow—c y l inde r  P71 um li t  w i th  a re sis t i~ e load -

1)ue to the cylin dr i cal  geometry , the expressions are more complicated than those
derived in the last section for the rectangu lar  un i t .  The charge q~ ( t on the l’ZT
u ni t  is obtained by sol~ iIiO i q u a t i om i  (II) with q( t )  t’r oni Equa t io n ( 5 ) .  This gives

(~~~~~~~~~ i) -~~~~( 
P~ A (~~~) 

~~ 
- e j

~~~~~ - t

q (t) (25)

— \
1,,,— — —)  H

P11 A (~~~) 
(E± + I) 

[ e
r í

~~~~
-. he i / R U  ~~~~~~~~~~~ 

~~~ 
.t > ~~~. . t .

Tli is e( lu at ion can he compared ~ i t i i  l~q tm a t i o i m ( I  2 for the rectangular  PiT un i t .
I - or  (lie opem i—c i r e u i t  e,ise ( R( ’/r = 0 0) ,  Equa t ion  ( 2 5 )  reduc e s to

(
~~~

+ -
~
)/ (./ r

~ I ’ A  — - ( _ !, , 0~~~~t~~~~r ,
.‘ r  \ “ r / (26)

- - I —-- - + I )q , ( t . R( - T 0 0)  = ~ /

> T .

I ’h is is ~t i ~.t i- q i i a f i o i m  ( 5 )  f u r  f l i e  L i i i r eL ’ re le ,Ise 1 J ( t t

Eq u a t i o ns ( or  the  ~o lt:ige \ ( t )  on t i me hol l ow-e s l i ndem P/T u m l i t  and curre n t  i ( t )
in t ime  c i r c u i t  cam i be uh t a i i m e u i  b sul~s I m t u t i i i g  I ( l u i a t i o i l  ( 2 S )  for (1 ( t )  i n to
i - q u a t i u n s  ( I  3) am i d ( 14 ) .  re spe Ltm ve h . i - gore 5(~m ) is a plot of the  m io nuah i , e d  chare e
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-
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“
‘

> 0.80 - /7 -

ENERGY ON PZT

~ 0.60 - TOTAL ENERGY AT t = r _\~~~~,7 UNIT AT t = 7’ 
—

/ ENERGY DISSIPATED IN
= fl Afl  - / RESISTIVE LOAD AT t r. —

~ U. ?U 
/ MAXIMUM OCCURS AT RC/r

= 0.529

0.20 - -

0 I I

iO-~ 102 10.1 1 10 102
RC
7’

Figure 4. Normalized energy relations for a rectangular PZT uni t with a resistive
load at shock transit time r as a function of RC/r .

and voltage on the PZT umnit  I’or a representative r0/~ value of I. The time
depem idem ices for  the  cylindrical amid rectangumlar geometries are the same for t > r.
This is expected since at ’ter t h e  shock wave passes omi t of ’ the uni t .  t h e charge
rema imn g omi the umn i t  in both cases decays wi th  the RC time constant.  Notice aiso
tha t  the cumrves in Figure 5(a) are similar to those im i Fi gure 2 ( a)  (‘or ti m e rectamigular
umni t .  In addi t iom i .  it can be sh owm i that E qumation ( 25)  redumces to E q u mat i on ( 1 2 )  (‘or
r~ /2 ~ I .  This cam i he shown us imig 1(2r 0 /2 ) — 2RC / r I  / L ( 2 r 11

/ Q )  + I I -
~~ I and

1/ I ( 2 r 11 / 2 ) —  2R ( ’/ r i  0 as r0 -’V 00

Fi gure 5 (h )  Is a plot of the miorm a l ized current ,  For 0 ~ t ~ r the
short—c ircuit  current  increases I i miear l y  with timiie.  This increase becomes less as r11 V
he comiie s large r amid , as exp ecte d .  approaches ti m e case I’or ti m e rectangular un i t  as -~ 

-

r 1, / 2 00, ihe  short-circuit  curremit is

14
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Figure 5. Electrical relations for a hollow-cy linder PZT unit with a resistive load for
various values of RC/r . Curves are given for r0 /~ = 1. (a) Normalized charge
q~(tJ/ P0 A or voltage V(t )/ (P0 A/C) on the PZT unit. (b) Normali zed circuit curre nt
i (t )/ (P 0 A/ r).
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f 2 r 0 2 t \

0~~~~t~~~~r ,
~ (~~~÷~~

‘\
i(t ,RC/ r 0) = \ 2 / (27 )

0 . t > r .

At t = r f 2 , i ( r f 2 ,RC/ r = 0) P~ A/r as shown im i Fig u mre 5(b).  The integral  of ’ t u e
short-circ umit current is

f  i (t .RC/r  = 0)dt = l’~A (28 )

as expected.

The total circuit energy cami be derived from Eq uation ( 2 1)  by subs t i t u t ing  q ( t )
from Equation (5) amid q~(t) (

‘roni Equatiomi ( 2 5 )  amid imitegr a t i r mg .  The result is

2r 11 2RC \1” 2t  / ro 1
T q~( l ) I  - - ~~~-— - - + 4I’0A - - ~~2~~~ 3 r )  (~)2t o ~ i ~ r .

C r (2 r i ) )  [ (2ro 2RC
) 

(2rii
)(

rn 2R(

) ]
m 1° 

L9)(2r 1~ 2R(’ \r ~~~~ 
i \  —1

I - + ———— i ( — + —  I I
P0 A R( \~ r / 2q~( r i  \2~ 3 /

~~~~
(

~~~~~(2r~~~~~~~ 

[

~(r)~~~nc 1r)I 4I~~\ 

~~~~+ i)(~~~+~~~~)] 

i >~~~~.

, ;~ -4 -
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It can be seen that as r0 /2 —~ 00 this eq u matiomi reduces to E quation (22)  for the
rectangular unit .  For time open-circu mit case (RC/r oc), Equation (29) reduices to

I

12r t ~+ —

( (P 0 A) 2 \ V  r f t \ 2  . 0 ~ t ~ r .
2C /2rti \2  ~r)I —+ 1 1

E1(t) = - \\ 2 / (30)

(P A) 2
p 

, t > r .
2C

To show this , it is necessary to expand q~ It) in Eqimation (25) for RC/r —~ 00 ari d
then form the expansion q ( t )  — q~(t ) .  The expansions for 0 ~ t ~ r are

P0A [/2r i \  t / f ( t \ i 2 / r 11 I ‘s 1
q (t) 1 1 _ _ J  

~ — ) — - l — ’- + — 1 - — - — + l — — + — — — ~ , - 
~~~~~~~~~~ 0~~ t~~~ r .

C / 2r 0 \ [\ 2 TI r \V 3r 1 RCr \ 32  12r/ ( R C) r JI — + 1 1
\ 9  1 ( 3 1 )

and

q ( t ) -  q (t) = C ) EC + ~~ (~ 
+ 

(RC)~7’ 4’ ‘..] . 0 ~ t ~ ~~~
. ( 3 2 )

Fi gures 6 ( a ) .  6 (h ) .  amid 6(c) are , respec t ive ly ,  p lots of the noriiia l iz ed PZT energy .
mior ma h ized eiier g~ diss ipated i i i  the resisti ve load , am id to ta l  norn ia l i ted energy
Fi gure 7 gives the iiormalii ed energ y relat io n s (or t h e  ho l low—cyl ind e r  u n m t .  Pl ot s of
total energ y , capaci t ive  energy . and res is t ive  energy arc given at t = ‘r. The resis t ive
energy peaks around RC 1’T = 0.5. These en r vL ’s a l e  si mi la r  to (lie cur v es in Figure 4
(‘or ti m e rectangum l ar  PiT u i m m i t ,

S.
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It can be seen that as r 11 /2 00 this equation reduces to Equat ion ( 2 2 )  for the
rectangular umnit. For time open-circuit case (RC/r = 00), Equat ion (29) redumees to

d

(~~~iL ±!~~

~ 
(P 0 A) 2 \ V  rJ f t \2  , U ~~ t ~ r .
2C /2 r~1 

\2

(— + 11
E T (t) = / ~ \ 2 J (30)

(P A) 2
p 

. t > r .
2C

To show this , it is necessary to expand q~ (t )  in Equat ion (25 ) for RC/r 00 and
then fo rm the expansion q( t )  — q~(t ) .  The expansions for 0 ~ t ~ r are

P 0A /2r ,-, t \  t / r  t \ t 2 ,‘ r 0 t \l ( — ~~~— i — - ( — ~- + — h —--— + ( - - — + — 1 — — - ’ — — ~ - ‘. . l .  0~~ i~~~ r ,
C 

f 2r 0 \ [\ 2 r I  i- \ Q  3r! RCr \3 2  12r/ (RC) r
I — + l h
\ Q  / ( 3 1 )

and

q ( t ) - q ~(t)  
0 C~~~ 3r) Rcr (~~~~fl~~~)~~~~~~ 2 7~~~ 

...] . 0 ~~ t 
~~~~~~ 

(3 ~~)

Figures 6(a , 6( h), and 6(c) arc . respectively , p lots of ’ t he norniaii i ed P/T energy .
normalized energy dissi pa ted in the resistive load. and total  nor ni a l it ed energy .
Figumre 7 gives ( lie normalized eiiergy relat ions ( ‘or the  l io l l o w- e v l m nd er  u n m t .  h ints of
total energy . capacit ive eii er gy . an d resistive energy are give n at t = r. Ti m e re s is t i \  C

energy peaks around RC/’r 0.5 . These curve s  are s imilar  to time curve s mu Figure 4
(‘or the rectangular PZT U ii~ t -

p.
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Figure 6. Energy relations for a hollow-c ylinder PZT unit with a resistive load for
various values of RC/r. Curves are g iven for r0 /V 1. (a) Normalized energy
E
~

(t )/ ((P0 A )2/ 2C) on the PZT unit. (b) Normalized energy EL~~
)/ ((P Q A )2/2C)

r dissipated in the resist ive load. (c ) Total normalized energy ET (t )/ ((P o A
~

2 /2C).
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Figure 7. Normalized energy relations for a hollow-cy linder PZT unit with a
resistive load at shock transit time r as a function of RC/r. Curves are given for
r0 /2 = 1.

IV. CAPACITIVE LOAD

~%.. GENERAL CIRCUIT EQUATIONS

in th is  section . ( lie load in Figures 1 ( a )  amid 1( b )  is a capa ei t al iee 
~~

‘

L 
The

vo ltage ba lam i ce equat iomi  Is

(It - ( t )  q 1 ( t )
— = - 

. t~~~ 0 .  (33)

- -

; ~: where C’ is the capacitance ol ’ t ime PiT un i t  given by ei ther  1— q uat iomi  (4) or (8) .

~~ 
( t ) is the charge on the  I~ZT um m it  am i d q 1 (t ) is (lie charge omi the load cap acitor.

ihe  ch arge comis ervatiomi eq u mat iomi  is

19
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q( t) = q~ (t) + q~ (t) , t ~ 0 , (34)

where q(t) is the charge released by the shock wave. Solving these equations gives

q~ (t) = 

~ 
q( t ) , t ~ 0 , (3 5 )

and

q~ (t) = 
C + C L 

q(t)  , t ~ 0 .  (36 )

The voltage on the PZT unit  amid load , and the curremit imi t h e  circuit are .
respectively,

V (t) = 
q(t) , t ~ 0 , (37)

C + C L

and

dq~ (t) 
~ L dq( t )i (t ) = — = _____ — , t ~ 0. (38)

dt C + C L dt

Equations (35) through (38) can be solved for the rectangular or hollow-c y linder
um i it  by su mhst i tu t im i g  q ( t )  fro m Equations ( I )  or ( 5) .  respectively.

B. RECTANGULAR PZT UNIT

Using q( t )  fro m Equat ion ( 1 )  imi Equmations ( 3 5)  th rough (37) give s
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C / t \
P A — —  I — )  0~~~~t~~~~r ,

0 C + C L “i’”
q~~(t ) = (39)

C
P A  , t > r .0

CL ‘t ~P A  (,— ) , 0~~~~t~~~ r .0 C + C L T

q~ (t) 
= (40)

CLP A  , t > r .( I C + C L
and

P0 A / t \( — I .  0~~~~t~~~~r .
C + C L “~~

V(t )  = (41)

P 1~ A t > r ,
C + C

L

Fi gure 8(a) is a plot of ’ ti m e mi ormiia l ized charge or voltage on t h e  PiT u mnit .  The
charging region (0 ~ ( ~ r)  is cha racte r ized b y a constant slope d eterm im i e d by
(‘L /C. For t h e  opem i—circumit case (C L -C = 0) . no ch arge i s t r zm n sf ’err ed to t h e load :
th is is identical  to ti m e resistive case for RC/r = 00 as sh owmi imi Figure 2 ( a ) .  For t h e
short—circuit  case 1

~~L /C = 00), all the charge is tr ansferred to t h e  load capacitance at
zero voltage : th is  s i tumat i on is again ident ical  to ti m e re sistI ~c case (or RC r = 0,

T h e  circ u mit cumrrem i t . obtaim ied f ’rom Eq uatiomi (38) . is

L P A  CL 0~~~~t~~~~r ,
r ( ‘ + C

( t )  = ‘~~ I (4_)

( 0  . t > r .

:1
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= 0 (OPEN CIRCUIT) 
-
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0 
O r  ~ 

= 10 

2T 
~~~~ 

~~5H0RT CIRCUIT )

TIME
(a)

~~ 1.00 ‘
~~~~~ I

= ~c (SHORT CIRCUIT)

~ 0.75 - \.~~ C1 -- 10 RECTANGULAR UNIT

C)
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~~~
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C

~ 0.25 - /
7’-

~ 
= 0.1

C/ ~~ _— = 0 (OPEN CIRCUIT)

0 ,.0 ~~ I

0 r 2r 3r 4r
TIME

(b)

Figure 8. Electrica l relations for a rectangular PZT unit with a capacitiv e load for
various va lues of CL /C. (a) Normalized charge q~(t )/ P0 A or voltage V(t )/ (P0 A/C) on
the PZT unit. (b) Normalized circuit current i(t) / (P0 A/r ).
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Figure 8(h) is a plot of ti m e iiormaliz ed currem it (‘or t h e  rectang u lar PiT uni t .  The
cu mr rem i t  is a f l at - topped p u m ( s e fo r  0 ~ t ~ r amid zero (‘or t > r. For time
sh or t -c i rc u mit  ease , t im e rate o( charge release by tim e shock wave. P11 AIr , eq ual s  time
amp l i tude of the sh or t—circui t  curtemit  pulse , Equat ion (42) and Fi gure 8(b ) show
t hat  the ampl i tude  i> f  the curre n t  pu lse decreases as the C1 /( rat io dec reases u n t i l ,
fo r tIme ope n-e irc imit  ease, ti me current  is zero.

lii  recent  e \ p e r i m l m e m i t s .  ree tang u mlar  PiT 56-44 and PiT 9 5 5  u n I t s  were depoled
i ii  t ime morm m ia l  mod e w i t h  a c apaci t i ve  load , It was show ii t h at for  somii e sires’

~a( u m es (or each ma te r i a l  the measured voltage amid cur rent  p u kes ~ crc s im l i m i ar  t-

those in F i gu mre (8) .

I l i e  e i i e i g \  on t ime P/.T U ni t  is gi~ eim b~

- (P A ) 2 / C’ \ 2 / t \ 2
1 1 (— I  , 0~~~ t~~~ r.2C \C + ( ’ L/  \r /

l-.((t) (43)

(P 1 A)
2 / (‘ \~~I 1 , t > r .2(’ 
~
1’
~~~

’
m /

amid t ime e imer gv on time cap ae i t  ~ e load is

- (P 1 A ) 2 C(’, / t \ 2
~~l — )  , 0~~~ t~~~ r .

= 
2(’ ((‘  + C 1 ) \r / ( 4 4 )

(P
11 

A ) 2 
~~ m t > T .

2C 
~~~~ 

+ 
~~~ L 

)
2

l i m e  to ta l  c i r c u i t  energy ‘1 m ( t )  = i ( . ( t )  + E m ( t )  I S

( (P A ) 2 /_ C’ \ / t \ 2p 1 1 h  , 0~~~ t~~~ r ,

L1( t )  = ~ 
2(’ \ C + C L /  \r /  (45)

I (P A ) 2 
/
__

C’ \- r ° 1 .  t > r ,
2C \ C + C 1 /

- - —- 
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Figures 9(a) , 9( h), amid 9(c ) are , respectively , the mm orm i ia l i ze d energy omi time PZT

u mm i i t .  normalized energy on time load capac itan ce . amid ti me total  normalized energy .

For time op emi—cir cuit  case , all the released charge rem im ai ns on the l ’ZT u n i t :  the

circuit  energy has a miiaxi im ium va lu me of (P11 
A) 2 / 2C. For the sh ort—circuit  case all t ime

energy eq u mati omis are zero even tho u mg i i  a cu mrrent  P~1 A/r flows in the ci rcuit .  Th is is

ana logous to tim e resistive load for  R( ’/r = 0. As showmm in Figumre 9(h ) .  (lie emierg y

tra nsferred to the load capac it am ice is a mm i axim i mtmmim ( ‘or CL /C’ I : th is i im a x i n i u mmm i

value is (P 11 
A) 2 /8C. In summ ary , the um ax in ium charge is t rans ( ’erred to the load fo r

(‘
~ 

/( ‘ = 00 , but time mmiax imi iun i  emm ergy transfe r occurs (‘or C 1 /C ’ =

C. HOLLOW-CY L I NDER PZT UNIT

Ii i  this  section . expressiomis are d ’rived (‘or t Im e charge . vo ltage. cu mrrem i t .  amid

em m erg y  in a circuit  con sisting of a im o ll ow — cyl in d er  PZT u m i l t  and a L’ap ac i f ive  load -

The charge q(~ 
( t ) omi time l’ZT u n i t  amid q L omi the load capaci tai mce are obtained

by s u m h s t i t u m t i m i g  q( t ) f r o imm l ’ q u a t i o m i  ( 5 )  i n to  Equ a t iom is  (35 ) am i d (36) .  r espect i~ ef ~ -

Time resum l t is

/ 2 i ,,
-

(‘ \~~ r / t \  -

~
‘
~~~

‘
m (2

r;m 
~~~~ ~ 

) 
, () ‘

~ - I ‘ T .

=

f P -\ — - . t > r .
( + ~~

+
‘
~ 

\ ¼ T /  / I \
I — I .  O ’ —~~f ’  r .

1 ( + ( ( a ,, \ \ r  1
+ I) (4 7 )

(1 1 ( t )  =

P ~~I

(‘ + ( ‘ m

p.
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,— ‘~~ 1 - 

~. ~c SHORT CIRCUIT ! - 

-

~ 0.25 / c 
- 0 1 . 10

0 T 2r 3r 4r
TIME

(b)
>,. 1.OO 1/  I

~ 0.15 - // ~~~ 
= 0 1  - 0 OPEN CIRCUIT) 

-

0.50 - 1/, 

m RECTANGULAR UNIT

1/
0.25 

i_d~~.~
:/’ = 10 (SHORT CIRCUIT ! 

-

~ ~~
_—r I

0 T 2r 3r 4r
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Figure 9. Energy relatio ns for a recta ngular PZT unit with a capacitive load for
various values of CL /C. (a) Normalized energy E

~
(t )/ ((P 0 A )2/2C ) 0mm the PZT unit.

(b) Norm alized energy EL (t)/ ((P0 A)2/ 2C) on the cap0cit ive load. (c) Total
normalized energy ET (t)/ (( P0 A) 2/ 2C).
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Usim ig Equation (37), the voltage on the PZT uni t  and load capacitance is

P0 A ~~~~~ 0~~~~t~~~~r ,
C + C L ( 2r 0 + 1 ” \ r /  ‘

V (t) = \“
~

“ ) (48 )

P 11 A
t > r .

C + C L

Figure 10(a) is a plot of the miorma lized cimarg e amid voltage for r0 / Q  = I .  In
the c h mar g immg region (0 ~ t ~ r) .  tIme only difference between these curves and those
f o r  t h e  r e c t a n g u l a r  u m n i t  in  Figu lre 8(a) is the geometrical factor
I ( 2r0 /~) + ( t / r )  ( ( 2 r 4 , / 1.1) + I ) . As r() /~ 

—~ 00 , the factor becomes I and the curves
beeommme identical , For t u e region t > r , the curves for the two geometries are t h e
same.

Time current equa tio mm is
/ 2 r 0 2 t \
I —

PI) A /  C1 \ \ Q
0~~~ t~~~ rr \C + C  ) /2 r 0 \ ‘ ‘

i (t ) 1 ~~ ___ + 1) (49)

0 , t > r .

F igumr c 10(b) is a p lot of the normalized current  (‘or r 11 / Q  = 1. Agaimi , these curves

heconie ident ica l to those (or the rectangular uni t  imm Fig umre 8(b) as r0 /Q - o~. At
r = 0.5 . time normalized current fur the hollow-cy linder and recta ngular units are

eq ual (or ai m y va lue  o(’ r11 /¼~ since f’or th is case the geometrical (‘actor is I .

The eI1erg~ on time PiT umm i it amid load capacitance are given by

2
f2r 11 t\

(P11 A )
2 C 2 

~~~~~~~~~~~~~ 
t\2

2C (c + c L)  (
~ ~~ 

(;) . 0~~~ t~~~ r .

Ec(t) = \:-‘— 
+ 1

) (5 0)

(P0A)
2 
/ 

(‘ 
\

2

2C k,,C + C LJ 
. t > T ’
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Figure 10. Electrical relat ions for a ho llow ’cy li mm der PZT unit with a capacitive load
for various va lues of C1/C. Curves ar e given for r0 /V = 1. (a) Normalized charge
q~(t )/P0 A or voltage V (t )/ (P0 A/C) on the PZT unit. (b) Normalized circuit current
i (t )/ (P 0 A/ r).
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ammd

2r0 ~ 
2

E1(t) ~~ ~~
:2

~~~

2 
( t ) 2  

(5 1)

(P A) 2 CCL 
2

I — I  t > r .
2C ( C + C 1)2 \ T /

~~me total circuit ener~~ is

2r0 t 2

(P0 A) 2
( C \ (T ÷

~~2 (t ~~
2 

O~~~~t~~~~r ,
2C \ C + C L J  (2r 0 + 1 \r J

E1(t) = ( 5 2 )

(P~A)
2 / C’ \

2C ~C+C L) 
, t > T .

Figure 1 1 contains the miormnali zed energy equations for tIme hollow-cylinder um i it  for

r0 /Q = I .  The only dif ( ’erence between the energy equati ons for t h e  ho ll ow-cyh imid er

uni t  (Equations (50) t h roumg lm ( 5 2 ) )  and those for the rectangular un i t

(Equations (43 ) t h ro u mg h m (45 ))  is time squmare of the geometrical factor.

V . INDUCTIVE LOAD

A. GENERAL CIRCUIT EQUATIONS

In this section . time load in Figumres 1( a )  amid 1(b) is an imiductamice L. I m i this

ease. the ch arge wil l  oscil late hetwee mi (lie source capacitance and load im i ductam ice

for all t ime t. E xper immm e mmts  wit l m im mduct ive loads imav e shown that  dielect ric re l axatio im
p.
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TIME
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Figure 11. Energy relations for a hollow-cylinder PZT unit with a capacitiv e load
for various values of CL /C. Curv es are given for r0 /t~ = 1. (a) Normalized energy
E~

(t )/ (( P 0 A)2 /2C) on the PZT unit. (b) Normalized energy E1(t )/ (( P 0 A)2 /2C) on
the capacitive load. (c) Total normalized energy E1(t )/ ((P0 A )2/2C ) .
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imi PZT 95/ 5  causes severe daniping of time circuit  curre mmt , 5 Nevertheless ami aimalysis
is presemited for the idealized case (‘or commmplete mi ess .  h i xper immmem i t s  wit lm other l’ZT
materials may be in closer agree mmiemit wit l m the sim imple theory.

The voltage ba lance equation is

q~(t) di(t)
c = L ~j~’ t~~~~O .  ( 5 3 )

Substituting di( t) / dt  from equation (10) gives the differential  equation

d2ojt) q~(t) d2q(t)
+—  = — 

. t~~~ 0. (54)
dt2 LC d t2

This equation is solved for q~(t )  by substituting q ( t )  from Equation ( I )  or (5) .
Also from Equation ( 10) .  the curre imt is

dq(t) dq.(()
i(t) = — — —‘s , t ~ 0 . (5 5)

dt dt

B. RECTANGULAR PZT UNIT

Using Eq umation ( I  ) for q ( t )  gives d 2 q ( t ) / dt 2 
= 0 (or all  t. Equa t ion  ( ~~~4 ) t h e n

becomes

d2qjt) q~(t)+“ 0 . t~~~ 0. (~~ )dt- LC

This equation is first solved b r  time ram ige 0 ‘- - t ~
-= T u ms imi g  t ime  i i i ~~ t ; , i (  e oi idi t io i i s

q .  (0) = i(0) = 0. Frormi Fquat iomm (55 ) .  i( t ) is ( im emm ob ta ined , I o ( m m m d  ~ ( 1 )  and i t t

for t > r , a general so l t mtior i  is ohtairme ul (or q (  t I ( r olmi  l q u ~m t ; o i m  1 5( I. the a t i me
curre n t is obtained fron m tIme eq u matiomi i (t I = — dq 1 t ) u t  (Since dq (t  I ~it = 0 toI
> r . Time cont i m m um i t  of ’ cimarge am id current  at t = r is umse d t o  o h t a imm time t w o

constants iii the general so lu mtiom i .  T lm is procedure gives
Ip.

L~~~ 
- 
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P0 A - d
— s i m m wt , 0~~~ t~~~r .

WT
q , ( t )  = ( 5 7 )

- 

P0 A (sin wt - sin(wt - w r) ]  . t > T .

amid

P A
~~—~ — ( I - c o s wt)  , 0~~~ t~~~r .

i(t) = - ‘ 
~ (58)

P A
( —~-‘--Icos (wt  wr) - cos~~~t 1 , t > r .

T

In these equ ations ~ is ti me oscillator y fre quem icy given by w 2 = (LC r  . Using
trigo mm on m etric identit ie s to s impl i f y  time q (t )  and i ( t )  expressions gi ves

P (1 A /wt\ / W t \
si n ( — ) c o s ( — — ~ . 0 ~ t ~(~~r \ \ 2 /  \ 2 /

\ “ 1
q (t) (59)

P~A , f w r \  / wr\
Smn i —  I c o s l w t —  — I , t > ‘r.

(wr \ \ 2 /  \~ 2 /
\ , I

ai~d

/ 2P A , / w t \-“—‘a’- sin~’( ,~— )  . 0 ~ t ~ r .
r 2

i t t )  = - (60)
~ 2P~ A

V 
~
- 

sin (—
~
“ ) si im(w t — —) . t >

The voltage oi m (he P/T i m i m i t  is ob t a ined  f r o m  t ime  eq ua t i on  V t ) q ( t ), ( 
-
‘ Plots 0)

t h e rmo r mmiah i zcd charge and vo l tage a r e gis cii in (~
‘m guire  I 2t a) : the normali z ed curren t

is givemm ii i  Fi gure I 2 ( b ) .  T = 21T 1 w is  t i m e  perio d of o s u i h l a t i o i m .  For time Open—circui t
case, the ose i lh ator ~ (req u e il ev is iem ’o (wr  0) : mi md ( l i e p eriod of os c i l la t ion is
i n h i m i t e  ( T/ r  0 0) ,  ( O r  t h is ease (1 ( 1 )  = q l t )  and i tt) = 0 (‘or al l 1. F in s can he
sim owm i b r  wr —* 0 h~ using t 1 m e r e la t io i i s lm ip s  s i n ( w t / 2  ) wr I :2 r .  cost ~ t/2 ) -~~ I . and
cos(~~ t — wr/ 2  ) 1 i m m I - q u a t i o m m  (59 ) (‘or q . ( ( I .  a mid s i : i ( O ) t !  I r 0 a h - q & i a l m o l m  (60)
(or i( t ) . As the osc i l la tor y  lre qui e i i ev  im i cr ea s e s ,  t Ime  v ih r at  i o i ma l  a l imp l i t  u i d e (or t ime
i m o r m m m a h i , e d  charge amid v o l tage decreases. l:or time sh o r t—ci rcu i t  co n uh it  ion ( ur  = 00).
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Figure 12. Electrical relations for a rectangular PZT unit with an inductive load for
various values of wr or T/r . (a) Normalized charge q~(t )/ P0 A or voltage
V(t )/ (P0 A/C ) on t he PZT unit. (b) Normalized circuit current i (t) / (P0 A/r ) .
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th e frequency of oscillation approaches i :mt ’i n i t y ,  but  the amplitude of oscillation
approaches zero. For this case , it cart be shown that q~(t) = 0 for all t by using
the relationships sin(~~tf2)/c~r —‘ 0 and s in (wr / 2 )/ wr  -~~ 0 (‘or wr .‘ 00 in
Equation (59). For 0 ~ t ~ r time cui rremmt oscillates about P0 A/r wit h amplitude
P0 Air: fur t > r the cu mrremmt oscillat es about a zero value with a variable am plitude
(2P~A/r) sin(~~r/2 ) .  Wh en wr is aim odd mult iple  of ir . time amplitude is 2P0 A/ r.
W h me m m wr is an even im ium ltip le ob’ ir, time ampli tude is / ero. The short-circuit current
(wr = 0 0)  can be obtained from E qu atiom i (55 ) usin g q (t )  0 for all t , or from
E qum ation (60) using sin 2 (~ ., t / 2 ) - ~ 1/2 and s m m m ( w r / 2 ) — ~ 0 as wr 00~ As expected the
resuilt  is

~ -\

~~~~~~~~~~~
i(t .wr = 00) = (61 )

t > T .

Expressions for the emmergy on ((me P/T nu ll and load inductance can be
obta i mm ed . respectivel y, From time equati o mms ( t  I = q i t  ) 2 ( ’ and E L ( t )  L i 2 (t ) / 2 .

Time results are — 
~~~ 2

- 
f w t \  / w t

(P 0 A) 2 SI fl
_ _ _ _  - 

, 0~~~~t~~~~r .
2C wr

E~ (t) = 2 —~2 
(62)

/c~,,r \ / WT, sm nl — 1 cos I~~t — —

(P 0 A) \ 2 / \ 2 . t > r ,
2C wr

- I

amid

r - / W T \  12
‘ smn’— ~ ‘

(P 11 A) 2 1  ~~2 / I— — I  I . 0~~~~t~~~~r .
2C wr

I ( t ) = L 2 J (63)
- 

- , / wr \  / WT\ 12
, sin I — I sin I wt — —

(P 0 A ) \ 2  / \ 2
. t > r .

2C
p. 1

—~
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Time expressiomi (‘or time total circ u mit emmergy i~ . ( t )  = I~ + 
~~~ 

( t )  is

I s im m I— I I(P 11 A) ?
I \ 2 / I  

. 0~~~~t~~~~r .2 ( 1  ~i
L 1

LT (t )  = 
- (6 4)

(P 0 A) 2 r sim m
~~~~

) i2  
. >

2C
[

wT
]

Figures 13(a) . 13(b) . amid 13(c) are plots of time m mormmma hi zed emiergy expressions
(‘or varioum s va lun ’s of the parameter cor. For time open-circuit  com i dit iomi (wr = 0). it camm he
simowmi that  F 1 ‘t )  = ( ( P

11
A ) 2 /2C 1 ( l i T ) 2 (‘or 0 ~~~ t ~ r amid h~- 1- ( t )  = (P

11 A) 2 /2C (‘or
t > r , and tlmat F, (t) = 0 (‘or all t. Also . b’or time s l mort—circ u mit  co imdit i om i (wr = 00),

Ec ( t )  = E L (t )  = E T 0) for all t .  Figures 13(a) ,  13(h) . amid 13 (e)  indicate  tha t  for
0 ~~~ t ~ r time PZT. in dumctive . aimd total eumergies are oscillator y in m mat u mre .  For

> r . tIme total c i rcu i t  energy is co u mstammt .  but  it osei h iat es h etwee im time I~ZT ummi t
amid immdu e tammce wit l m b ’requemmcy ~~~~. Th is s i t u mat io u m can be eom mm par ed w i t h  t ime
capacitive load imm w l i ic l m time eu merg ies on time PZT um il t  and load capacitaumce
re i mmai n ed b~xed (or t > r. TIme total energy cu mr v e s for wr = 0 amid o~r = 0. I are
wit imi mm aboumt 0. I ‘-~ of ’ each ot) ;er amid.  t lmeret ’ore. could h o t  he simowmm as separated
0 mm tIme plot.

For t = r and ~ir = I (F igure  1 3 ( a ) ) .  t ime n ornm ah i z ed PZT emm ergy us ahout
7O’~ of ’ t ime i m m a x i i m m u n m i  theore t ica l  value  . A t  I = 2.1 r . tIme PZT eu mergv Is /ero
( c orrespommdimmg to time case ol tero ch arge amid voltage on time i ’ZT un i t  amid
m i m a x i m m i t m m m m  circ u it cu r ren t  ( c e  Fi gu res 1 2 ( a )  amid 1 2 ( h ) ) .  b u mt at about t = 2.65r the
PZT ei me r g ~ imas imm cre as e ul  to ab out  90’ . si n ce , at t h is t i m m i e  t ime energy t h a t  ~ as on
tIme i u m d u c t u r  at t = r ( about  20’4 ) has heen t r ans fe r r ed  back to time PZT u m m i t ,  h - or
t i mi s case , com msiu l er ahl e  ch arge (about  0.95 P1 A )  is be ing tram i s ( ’erred hack au m d ( o r t im
between time I’ZT u n i t  and i u m d u e t a m m e e  ( Fig u re 12 ( a ) ) .  Time i nd u met  se eu ierg v is about
90~ of time theoret ical  I i m a x i m m m u m i i  v a l u e  at t = 2. l r ,  (T h is corresponds to tIme ease Of

zero capac i t ive  eu mergy , I T i m u s i u m d u c l  ly e energy t r a m i s ( e r  is greater  t l m a u m  t ime  25 ’
n m a x i m m i t m m m m  en erg\ tra i ms f ’er (‘or time capaci t ive load (Figure  9 (b ) ) ,

\ ot e  tha t  i i i  Figure 13 ( h )  (l it - wr = I curve peake d at t = 2 . l r , .- \s tCT

decreases b r o mmm t i m i s  s a l ue . t ime a m m mp l i t t mde  of ’ t ime curve increases. a imd t ime  pe ak occur s
for  larger t i m es. For wr = 0. 1 . the  a m m m p l i t u d e  o( ’ t Im e peak ~ 

~~~~~ of t ime t hme ore t  t u a l
m m m a x i m m m u m m m m  a l o e and occurs at t = I 64r . A s  wr uere ases ( r o mmm ~~r = I . time

~m m m m p l i t u m d e  of time peak decreases a mm ul occu rs (‘or smmma ll er  t imm i es ,  Time result  b ’or
wr = 10 is sh ow Ii Iii the f ’i gtm re.
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~~~~~~~~ 
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TIME
(hi
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~ 0.15 - 
w r= 0,1,~~~ 63 WT = Q , I~ 00 -
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__ r
- 

T 

REC T ANGULAR UNIT
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~
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Figure 13. Ener gy relations for a rectangular PZT unit with a im inductive load for
various values of wr or T/r .  (a) Normalized energy E~

(t)I((P0 A)2 I2C) Oti the PZT
unit. (b) Normalized energ y EL (t )/ (( P O A )2/ 2C) on the inductive load. (c ) Total
normalized energy ET (t) / ( ( P0 A )2/2C ).
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C. HOLLOW -C Y Ij N I)ER PZT UNIT

Sum b st i tu tj n g ~l 2 q( I ), dt 2 I’r onm Eq u m at io u m I S )  i im to  Eq ua t i om m (54 )  gives t ime
different ia l  e q um a t iomms f ’or tj  ( I ) .

d 2 q ( t )  (i t t )  2P 11 A 
——

~~
--

~
- + — ~

--— - 
. O~~~~t~~~~r , (~~~)ul t ”  / 2r 11

T - I — + I
\ t ~

arid

d 2 q~( t )  (l~ ( t )
-

~~~~~~~~ + —  = 0  . t > r .  (66 )dl L(’

The samm i e procedure is used l ’or s oi vm mg t h ese eq t ia ( b u s  am i d (- q uma t i om m (55 ) fo r  I~ ( m l
amid i ( t )  that  was used (‘or solving time e q ua t io u ms  fo r  t Ime rect a u iguu la r  PiT a m i t  - This
procedure gives

/ 2r 1~ \
P

oA k~~i r i 1—
~~ 

sin , i  + --- -— — —  I i  cus ~ - I - I I - -

~~r / 2 r 0 \ )
~~ +i) L

= 
(2 r 11\ (67 )

I’0A ~ I r -

~I Si!1~~~i - S i f l ( ~~ i W T )  + - 
~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ‘ IflI~~~t ~~ ) l , t > r .wr / 2r0 \

is — + 1)  L (
~ 

)

Ip.
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~~
‘
~~~~

—-
~~~~

‘ 
____

and

(
210 \

P0A \ Q / r I m ,i~1I ( 1 — c o s ~~t ) — s in wt +__ _ .______ (~,_ ) I .  0 ~ i
r /2 r ~ \ ~ /r0 ’~ / î Ø \  r

~~~~~ L w r

i ( t )  = 

/ 2ro\ (68)
P0A ‘s. , ’i r  m 1
— -—  — I cos (wt — wr) — cos ~~( + — Isin(~.,i - - w T )  -- sin i,.,,t ~ + — - — —  COS( ~~~ i — i . . , r I I ,  I > r .

7 /2r ~ \ I / I Q \ f i l l
+ t J ~~ Li i i — !  I —

\ Q ~ u’ I

Using trigonometri c identi t ies gives

2r0

P~~ A 
(i  

~ 
~~~~~~~~~~~~~~~ 

0 ~(~) (~ + m) [ \2/  2 2 j
q~(t) = (69 )

P 0A ~ E / U) T \ t / L) T\  / ~~~ I 1— srnl —)eos(~~S - _ -
) 

+ — cin(,—) cin~~~m - -  
—) 

- - ------— s iz i~~~~i - ..ir . I ->(~) (~ + 
2 

Li ~ 
(

~~~
1) 

2 2

and

2P
0A ‘~~~1 r~ 2 fLi1\  1 /w t \  ,‘wm ~ I / i \ 7

~~~~~~~~~~~~
— Isin I~—) _ -—- - ---——-—— sin~

--__-
)cos~ -_ ) +_ __ _ - _ I _ ) l .  0~~~~i~~~~r .

r 

(~~~ +~) [ 2 

(
~ P) 

2 2 (210) \r Jj

i(t) = (70)
21o

2P~ A ~~~~~~~~~ 

~~rn(~~~~sin(.~t - - 

(
)C O~~~Lii — + — —  c~~(~~i - Li~~~ I ~~

Plots of the normalized charge and voltage are givemi imi Figure 14(a) for r11 , ~ =

the normalized charge is given in Fi gure 14(b).
p.
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(SHORT CIRCUIT , L = 0) 

3T 4r
TIME

I a)
HOLLOW-CYLINDER

UNIT . r e/ I  1

~~ 2.OO A 1 A A 1

/~ / \ 
_ _ _ _  

10.~ 0.63

c., 1.OO / 1’ -

I— / ‘iT 1. - - ~~~6.3

C.)

~ 0
(‘-IT :,i 0~~T

(SHORT CIRCUIT , (UT
-1.O0 - L  0) : 0 1

(1) 7 1 
-

(OPEN CIRCUIT , L x ) = 63

~~-2.00 I
0 2r 37 4r

TIME
(bJ

Figure 14. Electrical expressions for a hollow-cylinder PZT unit with an inductive
load for various values of wr or T/r . Curves are given for r0 /~ = 1. (a) Normalized
charge q~(t)/ P0 A or voltage V(t)/ (P0 A/C) on the PZT unit. (b) Normalized circuit
current i(t )/ ( P0 Air).
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Equmations (69) and (70) are both continuous at I = r. Also . these equmatiomis
redume e to Equations ( 5 9 )  and (60), respectively , for time rectangular PZT uni t  as
r11 /~ 

—~ 00~ Since (2r 0 /~ )/ [(2 r0 / Q) + I I  1 . and l / ( r 0 / Q) —
~ 0. as r0 /Q 00, omily time first

t er imms in Equations (69) and (70) are nonzero , and these are just  time terms iii
Eq umations (59) and (60) for t u e  rectangular PZT u ni t ,

For time open -circu u it case (wr = 0), the lir mm iting values as ~~r - 0 (‘or time
trigomionmetric relationships givemi iii the previoums section for the recta migula r umiit  can
be umsed to simow that Equations (69) and (70) become , respectively.

/ 2 r 0 t
I —  + —

r t
P0 A /~) r \ ( -~) . 0~~~~t~~~~r .

( Li!

q , (t .wr = 0) = ~ / (71 )  H

P1~A . t > r ,

and

i(t ,wr O ) 0 . t~~~~0 .  (72 )

Equation (71) is just the charge release q(t)  (‘rorn a h ollow-cylinder PZT um m mi t
(Equ ation ( 5 ) ) .

For the simort-circumit case (wr = oc), t lme r e lations imips s in (wt / 2 )  —
~~ 0.

sin 2 (wt / 2 )  1/2 as cor camm be umsed to show th at E qumations (69) and (70)
redul ce to

q~(t.wr = oo) = 0 . t ~ 0 .  (73 )

/ 1  1amid ..,r0 —

~~~ 
+ 

I
-
_ ’ c ~ t ~ r .

r / 2 r 0 ‘

~i (t.wr = 00) = t,~5
—’.- + I)

0 . t > r
p.
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As expected , the short-circuit cu rrent in Equation (74) agrees with the short-circuit
current for the resistive load (Equation (27)) and capacitive load (Equation (49)
with CL /C = oc) The voltage on the hollow-cylinder unit can be obtained by
substituting q (t) from Equation (69) into the equation V(t) = q , (t) / C.

Expressions for the energy on the PZT unit and inductance are obtained.
respectively, from E~

(t) = q~(t)/2C amid E1(t) L i 2 (t)/2. Making substitutions for
q~(t) from Equation (69) and i(t) from Equation (70) gives

/2r 0 
2 

- / i~it fWI \ ~~~~ -i 2 i”
(P ØA) 2 ) ~

‘
~

k—)
~°’~

-—) + (~.ir)~~_) sIn (
__) (75)

2C (210
)

2 - 
- 0~~~~~ t~~~~~ 1 ,

Ed o

(

~~~

)

2 

Fin(~~~)
cos

_
(~~ 

- ~ 1)+ i(
~~

)

i ~~~~~~~~~~~~~ m 
sinhi,, o~ ~ 1

2 

., >~~.
2C /2r o~~~~ II —

V~~ / L 2
and

(p ~~~) 2 (
~~~

)

2 
~~~~~~~~~ (~~~)~~i(~~

) ~~~~~~~~ i / 2  (
~~

‘
C) (76)

E L (I )  =

2 (
~~_~2 

[ s (~~ ) 
- 

~
) - (i~r) 1(10)

’ sun (~ 1)coc (i~t~~~) + i/2(_~) 
cos (~,,I - 

112

( +1)

The total circuit energy is obtained by adding Equatiom is (75) and (76), to give

- - 

~~ r
oiy 

[m~~~~)E 
o)

l
(t ~~~~,~ 2ço)

_
2] (r())~t:)

2

_
- 

.. , ,

~ ~

,

(—_ 
+ m) ( -_ ) (77)

; 
= 

1,0 5) 2 (
~~~

!)

2 

[
~~2(~~~

) [m ~~
. 2(’(I) 

2 

, ( :~1)  1~ iI4(_ ~) 

2 

~~~ l(~~)~~~in(~~:)c=(~~~
)] 

-

(2ro
)

~~ 
-- - -  (1 — - ‘
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These energy expressions are continuous at t r. Also , as r0 /~ -‘~~oo Equations (75),
(76) , and (77) reduce to Equations (62), (63), and (64) for the rectangular PZT
unit , respectively. Figuures 15(a) , 1 5 (b ) ,  and 1 5 ( c )  are plots of the normalized emmergy
expressions for r0 /Q = 1.

VI. GEOMETR iCAL SIZE ESTIMATES OF PZT UNITS IN
FERROELECTR IC POWER SUPPLIES FOR SOME EXAMPLE

HIGH-VOLTAGE ENERGY CONVERTERS

lii this section , t h e  geomi ietrica l size of PZT units for use in pulsed power
supplies will be estimated for soni c example energy converters. Energy comiverters
with resistive amid capacitive input impedances were chosen. The electrical equations
th at were derived in Sections III  and IV will be used in the analysis. Expressions
(‘or time area A amid height Ii of time PZT uni t  will be obtained iii terni s of the
comiverter input resistamice R or capacitance CL amid the input voltage V . The shock
and electrical parameters for the PZT u m nit  will be taken as those for PZT 56/44
material ,  A 12.6-mm cube of ’ PZT 56/44 had a capacitance C of 240 pF . ’ For this
cu be , it was shown experimentally that about 40 ~zC of the 51 ~iC of ’ available
ch arge was released at a nm axi mu m electric (ield F0 of about 2 kV/ni m in time 7 to •

8 GPa stress range . tm In th is analysis. P0 will therefore be taken as 0.25 pC/mni 2
(40 pC/( 1 2.6 mni )2 ). (Time PZT 56/44 remaneri t polarization vector P0 is
0.33 ~C/ mn nm 2 

.~ We h ave simp lified the present analysis by taking P0 as representing
time actual ch arge released. ) The average mm m easured shock velocity U was 4.65 kmn/ s)
Time geometrical sh ape of t u e  PZT umiit  will be discussed after time size has been
estimated . I t  s lmou ml d be noted th at in most experiments , stresses from relief wave
interactiom i s will h ave destroyed the unit for times significantl y greater tiia m i the
shock transit ti m e r.

A. CONVERTERS WITH RESISTIVE INPUT IMPEDANCES

Table I lists two converters and their characteristics. These comiverters require
approxiimmate l y tiat-topped im iput voltage puilses. Fi gui res 2 ( a)  and 4(a) for time
r ectang u mlar amid Imo ll ow-cy lim ider umm i its.  respectivel y, indicate t i mat time value of ’ RC/r
m m m u st he mmear t h at (‘or short-circuit comiditions (0. 1 or less for t h mis  type of puulse.
The load voltage reaches a com i stamit valume soomi after time simock wave emiters time PZT
um r mit  amid does mm o t be g imm to decrease unt i l  after time shock wav e passes out of t h e
tmmmit .  Ex pr css iomms t’or the voltage micar sh ort-circuit  conditions (RC/r — 0) camm be
obtained umsim i g q , ( t )  from E qumat ion ( 1  2) (‘or the rectangular uni t  amid t msi m mg ~ 

( t )
t’r omm i E q u at iomm (23 )  (‘or time u mo ll ow — cy h imid e r  umm i it  imm time equatiomi V(t)  = q (t )/ C.  Time
resul t s  are
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Figure 15. Energy expressions for a ho llow-cy linder PZT unit with an inductive load
for various values ot ~ir or T/r. Curves are given for r0 f t~ = 1. (a) Normalized
energy E

~
(t )/ ((P0 A)2/2C) on the PZT unit. (b) Normalized energy EL (t )/ (( PO A)2 /2C)

on the inductive load. (c) Total normalized energy ET (t )/ (( P0 A) 2/ 2C).
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P0 A IR C \
— —) , 0~~~~t~~~~r ,

V ( t .RC/r 0) C T 

, 

(78)

(‘or time rectamigular ummi t , amid

12r () 2t
(—  -t- ——

P~ A \~~ 
r / R C \

— ‘I— ) , 0~~~~t~~~~r
~t C / 2 r () \ \ r  /

I — + I )

-. 

V(t .RC/r- ’4 O) = - 

0 / . t > r , (79)

Table 1. Energy converters with resistive input impedances. 13

Pulse Duration of
Input lmmput Flat-Topped

Resistance R Voltage V Input Pulse r
Converter (kcZ J 

- 
(kV) (ps)

M agnetro im 0.4 - 1 50 0.1 - 10 (u se 2.7 ps)”
K iystron 0.4 - 2 100 - 1000 (umse 2.7 ~i s)a

“ tIoc 2 . 7 —  ~~s ,o i u c  b r  bloc PUI’ .L dora lion I~ thc cragc’ I ransol t i onc 7’ ca mctolatc d oosifl~ a 4.65 k in / s  shock t rans i t  t ime 1 t or
I’/ l S h  44 i i oaoc r i a l  m d  a i ’zm unit th ic kn e ss  e ut 12 ,6 mm .

for ( lie hol low—c y l inder  i m m m i t .  For r0 J~ ~ I . Eq uat i omi  (79) reduces to Equ at iomi (78) .
i qu a t i u n  (78 )  wil l  be u sed (‘or est inmatim i g time size of time PZT u n i t ,  Figumre 2 a )  (‘or
R( ’ r = 0.1 imidic ates t i mat  t ime normalized charge amid voltage are about l0~ o(’ their
m u a x i m i m u m u  a l t i e s .  Th is is also indicated in Equation (78 ) h~- subst i tut im ig 0. I for

- r .

The h e ig h t hi. t h m i ckmmess  Q amid width w for time PZT uni t  cami be calcu ilated
usii mg I ’qua t io mm (78 ) fo r  V ammd time electrical amid sh ock cimaract eristics of ’ time PZT
56-44 material .
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The heigh t hm is given by

h = V/F 0 (80)

where F0 = 2 ky/mm and V is the applied voltage . The thickness Q is given by

Q~~~ Ur (81)

wh ere U = 4.65 km/s and r is the required input pulse duratiom i . The widt h w
obtained from Equations (78) and (81) is

V

w =  (82)
RP0 U

wh ere R is the converter inpu it impedance amid P0 = 0.25 j .zC/mmii2 . If 240 pF is
the capacitance ot’ a 12.6-m um PZT 56/44 cube , then •

C = 0.019~~ (83)

is the capacitamice in miF of ’ a PZT 56/44 um nit wi th  area A imi minim 2 amid height h in
ti m m.

Time dimemisionl ess parammmeter  RC/ r im i Equa t ion  (78) camm he obtaimied usimig V (‘rom
Equa t ion  (80) and C t’rom ii Eq u mat i omm (83) . Time r esult is

RC
— = 0.0 19— = 0. 15 (84)

T l~(J

where the values for F 0 and P0 have been used. For this value of RC/r about 15%
o( ’ the available charge will  remai n on the PZT unit  and 85~ flow through t h e
resistive load (Figure 2(a)) . At t = r , the energy E L (r) dissipated in the load
resistance R is given by
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t
~~ L

( T)  = . (85)

This can be s imowmm using i = V/ R iim the equat iomm E L ( t )  = 5 i 2 ( t ) d t .

Iii t i me am ialysis to f ’ollow . the thickness ~ of time PZT umm i t  wil l  be taken to be
1 2.6 mm m i giving a pulse durat ion r of 2.7 ps. This t lmickness was cfm ose ii becau se it
correspo n ds to a nme a su mred cimarge release of about  77’ - . if a d i f ’l ere i mt t lmickm ie ss
we re used. themi tIme charge release may be di f ( ’ere im t . re qui r imig  a P() dif ’l’eren t  f ’rom m m
0.25 M C / I t l m l m 2 iii t ime calc u mlat ions.

Table 2 gi~es t he PZT geometrical size estimates (‘or time c im er gv conv erters ,  Time
inp u t re sista n ces and voltages were clmosen to cover time range of I np u t  ehiar aeterist ics
in Table I .  Time s i /c  es t imates  for time n ia gm i et ron in dicate t h a t  a single rectangular
uni t  or a series of rec ta n gular  un i t s  connected electricall y in para l le l  would provide
a reasomia hhe power source. In Reference I , a simock-de p oled PZT 56 44 u t mi t
25. 9— m i m i m i  I mi gim . 25 .6— n i m m i wide , and I 2 ,4—m m long ( u m i mi t  vo l u m m e 8 cm 3 ) was umsed to
pu lse charge a 1.2 im F load capacitor to 55 kV. i \hout  78’ of time available ch arge
was released , Thu s uni t  is s imilar  iii size to the est imated I~ZT um i i t s  (‘or t i me
in a g i me t ro mi i n  Table 2. Time size es t mm mu ates  f ’or tIme k i y s t r o n  immdica te  t h at
imo ( lo w — cv l i i mder units ma y  be more appropr ia te  t h an re e taimg u m la r  u n i t s  due to time
large a i m m o u m l mt  of PZT nmat e r i a l  required. Also , the large ime i g imt of ’ PZT mater ia l
(500 mm liii ) f o r  time I 000—k\’ i npu t  vol tage ma~ be proh ib i t ive  du e to the extreme
ca re timat  would be required du r i n g  !abr ic a t ioim of ’ the u n i t  t ro mu time PZT elements.

Note t h at i i i  t h e  ea l eu fa t io m i s  (or Table 2 time h eigh t ii and wid th i w are
de te rmined  (‘rout t ime inp u t resistance amid voltage . but  time k ’img t i i V depem ids on l on
time pulse d u m r a t i o n  r . -~~ c iman ge  ii i  ‘r a f f e c t s  time v o l u m e  of PZT i im ater i a i  required to
d rive time converters . but  m u ot th e shape of time voltage pu lse sin ce R(’ T is co ims ta imt .
A lso , as expected.  c hia tug i ~ig T also cimanges time e m er gy dissipated i i m t ime resistance
( h q u m a t i o n  (85 f t .

B. CONVERTERS WITH CAPACITIVE INPUT I M PE DANCES

Table .3 l i s t s  f i v e  conv erters and the i r  characterist ics ,  I- xp r es sm ons ( ‘or the area A
ammd I me i g h m t Ii ot t ime PZT u m m i i t  w i l l  be calculated iii terms of t h e  co imvert er immput
capaci ta n ce 

~~~~ 
and inpu t  vol tage  V me vol tage  omm t ime P71 u n i t  amid eom iv erter for

= r wi l l be u sed f ’or e s t i m a t i n g  t h e  si/c iii  t i m e  u n i t .  l - q u a t i o t u s  ( 4 1 )  aimd (48) are
p.
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tIme expressions for the rectangular amid hollow-cylinder u mnits , respectively. At t =

the voltage expressiom is (‘or the two geonmetries are time samn e. T u e  expressiomm is

P0 AV =  , t r .  (86)
~~~~~~

Table 3. Energy converters with capacitive input impedances .13

Input  tmmput Operating
Capacitance CL Voltage V Frequency

Converter ( n F )  (kV ) ( M H z )

Pamicake (L( ) I - 300 500 -5000 0.5 -50
Oscillator

Spiral 1 000-10000 10-50 —

Oscillator

Fro zemm -W ave 0.1 - 10 20-  100 10-  1 000
Ge mi cra (or

Ross ( ’ircuit 0.01 - 1 20 -  100 10-  1 6000

Tramms mi missio t m 0.0 1 - 1 20 -  100 50-  1 000
Line Oscil lator

4

Time lmc i glm t of time PZT u n i t  is g iv e m i  by Equa t i on  (80) . Time capaci ta imee C of time
u m i m i t  is g iven h~ i . qu a t ion  (83) ’  S u t b s t i t u m t i m m g  F qua t io im (80) in to  Eq ua t i o im  ( 83)  gives

— 
- . 

CV = 0.038A (87)

p
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with C in nF , V j im kV , CV in j , tC, and A in mm 2 . Sumbstitut ing Equation (87) immto
Equatiomi (86) gives au expression for the area A. The result is

A = 4.72 CL V (88)

with CL in nF amid CL V in j.t C. Using t u e  value for C 1 and V t’roni Table 3. the
size of time PZT u mn it  can be est imiiated froni Equations (80) amid (88). The ratio
CL /C can be obtained by dividing Equation (87) by Equation (88). T u e  result is

-

~~~

- = 5.56 . (89)

Table 4 gives the PZT geomm ietrical size estimates (‘or t u e  capacitive energy
converters. T u e  th ickness Q was takem m as 12.6 mm with a corresponding pulse
duration of 2.7 ~zs (as for the comiverters with resistive input impedances). The input
capacitances and voltages cover time raiige of values listed in Table 3. Simu ce r0 /Q ~ I
both the recta ngui lar amid hollow-cylinder uimits give time same response (‘or all t h e
cases shown. Table 4 indicates tim at the PZT units for time m axi m mmu mn irmpumt
characteristics (‘or the pamicake and spiral oscillators are umimreasom m ab ly large for power
suipp ly t’abrication. It im m ay be possible to fabricate time req um ire d PZT power sumpp lies
for the other listed input  characteristics , bumt in ~onm e cases it may be impractical.
For time spiral oscillator , with input  characteristics of 1 000 nF and J O kV . it may
be possible to fabricate a power sumpp ly by stacking a series of ’ hollow-cylinder ummits
(eacim 5 m mmm iii he i ght)  that  are electrically imi parallel . each separated wit im a thin
layer of insumlat im i g material .  The 0.75-mnni widt h  of time PZT uim i t  (‘or the
(10/en-wave generator and Ross circu it  witim input  cimaracteristics of ’ 0.1 uF amid
20 kV is probably i m practica l ammd umnnecessary . If ’ the imiput voltage were imicreased
to 100 kV time width would imicre ase to a more reasonable v alu me of 3.7 m u m .  For
both time resistive amid capacitive input  imimpedance converters , it m i may also he possible
to achieve a niu ul tis i iot power sumpp ly cap abi i ity v ia tIme se qumem it i a l depoh ing of
ni ul t ipl e  umn its.

‘

~~~~~

‘
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VI. SUMMARY

Electrical equations have beemi derived (‘or time mm onm ’mal- nm ode shock-depolimig of
PZT fe rroetect i-ic ceramics with resistive , capacitive , amid inductive loads. To simplify
time amial ys is, it was assu mnmed th at time PZT material responded in ami ideal manmier :
i c . , charge was released completely and instantaneously at the shock front.
Rectangular amid iuo ll ow-cy l imider shapes were comisidere d (‘or time PZT umi i t .  Electrical
expressions were obtained (‘or the charg e, voltage , cuirremit . amid emiergy in time c i rc u mit
as time shock from it passed throu igh time PZT uni t  and a f te r  time simock f ’r o mmt l)assed
ou mt of time um ni t .  Plots o( ’ these equatiomis were presented as ti m e m u mag i mi tude  of time
load varied f’rommm simort-circ umit conditiomis to open-circumit com id itiomms. Tlmese resum l ts amid
the electrical properties of shock-depoled PZT 56/44 f ’erroelectrm c ceram u mic s were ums ed
to estinmate t u e  geomm ietrical size ammd electrical characteristics of PZT ummits  (‘or
selected energy converters wit im resistive am md capacitive input  im m mpedammces.
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