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SPICE Macro Model of a Sprytron with MOSFETs in the Avalanche Mode

Carolyn W. Raney
Componcent Information and Management Department 2252
Sandia National Laboratories
Albuquerque, NM 87185-1073

Abstract: A SPICE [1] macro model for a triggered vacuum
gap, a sprytron, intended for use in rapid discharge circuits
such as Exploding Bridge Wire (EBW) applications, is
presented.  Power MOSFETs in the avalanche mode are
utilized as the active switching elements in the model. The
macro model is compared for accuracy in predicting the time
dependent switching current, switch resistance and voltage
drop across the switch using several test circuits. Techniques
for extracting model parameters are discussed.

INTRODUCTION

High-power plasma switches are critical
components of pulse power devices and clectrically activated
explosive systems which require high holdoff voltages (1 - 6
kV ), large currents ( up to 10 kA ), and high rates of
current risc ( > 10! A s! ) The sprytron, a triggered
vacuum gap, intended for use in rapid discharge circuits
such as Exploding Bridge Wirc (EBW) applications, mects
these  specifications. It is of rugged ccramic/metal
construction to withstand hostile environmental conditions
and it's vacuum characteristic allows operation in highly
radioactive cnvironments. Functionally, thcy act as
normally-open switching clements.  This, combined with a
low on-state resistance and low forward voltage drop, results
in an extremely cfficient cnergy transfer function.

A high power MOSFET when used in the avalanche
modc exhibits behavior similar o a sprytron. It is capable of
holding off up to 1.2 kV and switching 1 kA in nanoscconds
with a very low on-state resistance. For this to occur, the net
reactance of the other circuit clements must be suflicicntly
low (on the order of 0.25  to 0.5 € with 100 nH of
inductance). Sprytrons typically have a low inductance (10
nH) and a low on-state resistance ( 10 m€2 - 30 mQ) ). Duc
to their similarity in behavior, the approach presented here is
to model the sprytron by utilizing a macro modc! of
MOSFETs in an avalanche condition.

Currently no commercial model for the sprytron
cexists which is for usc with present-day, general purpose,
circuit analysis programs like SPICE (1] and PSpice (2]. As
it is oftcn both expensive and difficult to simply build and
test systems, simulation and accurate models are becoming
an important activity. To bc able to modecl a non-
semiconductor device, such as the sprytron, utilizing an
clectronic circuit analysis program like SPICE 1], is not only

unique, but affords designers the luxury of implementing
design margin analysis on their clectrical systcms.

The macro model presented in this paper simulates
the high power switching characteristics of the sprytron.
The techniques for parameter extraction from cxperimental
data will be discussed in detail. A comparison of the bench
measurcments from several test circuits with the PSpice (2]
simulation rcsults will be used to determine the macro
model's accuracy in predicting the time dependent switching
current, dynamic switch resistancc and voltage drop across
the switch. The usc of this macro model does not require an
in-depth understanding of the device characteristics. The
macro model is designed to allow the user to casily change
sprytron parameters such as trigger probe resistance,
capacitance and turn-on voltage.

MACRO MODEL DEVELOPMENT

An cxample of the drain-source voltage (V)yg) and
current (Iyg) characteristics of a power MOSFET conducting
in the avalanche brecakdown mode is presented in Figure 1.
Figurc 2 shows the anode-cathode voltage (V) and current
(In) characteristics of a sprytron. Duc to the similarity in
the voltage and current characteristic curves it was decided
that an avalanche mode MOSFET macro model (3] could be
utilized as the basis for a sprytron macro model. A
schematic of the sprytron macro model is presented in Figurce
3, while a netlist of the macro model is presented in Table 1.

DRAIN- SOURCE VOLTAGE AND CURRENT CHARACTERISTICS FOR A
MOSIFET IN AVALANCHE BREAKDOWN MODE
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Figure 1. Power MOSFET Conducting in Avalanche Breakdown Mode.
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Figure 2. Sprytron Anode-Cathode current and voltage curves.

The sprytron has a region of low current (100 A to
200 A), which I will refer to as a threshold current, which
occurs just prior to the avalanche current mode. In order to
model thesc effects, two level-1 MOSFETs are used in
parallel. M1 models the threshold current, trigger probe
capacitance and resistance, and the trigger turn on voltage
while M2 models the avalanche current. LINT represents
the internal inductance of the sprytron. RTRIG represents
the trigger probe resistance and CTRIG represents the
trigger probe capacitance of the sprytron. The sprytron
trigger turn on voltage is the parameter VTO in M1. The
capacitor CDS is implemented to simulate the anode-cathode
voltage fall time. The latch circuit in Figurc 3b is used to
control thc avalanche MOSFET M2. Vollage source
VIDSMON is used to control HLATCH, a first-order
polynomial current-controlled vollage source. When the
voltage across HLATCH rcaches approximately 0.7 V,
DLATCH begins conducting through Rl and CLATCH.
EGSAVAL is a voltagc-controlled vollage source whose
purposc is (o turn MOSFET M2 on. This occurs when the
voltage across CLATCH (node 300 ) reaches 1 volt. M2 has
a very low drain resistance, RD,,,,, which cnables M2 to
simulate the avalanche current mode of the sprytron.

SPRYTRON MACRO MODEL NETLIST

.SUBCKT SPRYTRON 10 20 30 30 400

* | ! l I GND
* | | | SUBSTRATE

* | | CATHODE (SOURCE)

. | TRIGGER (GATE)

. ANODE (DRAIN)

VIDSMON 10A 11 0

RTRIG 20 30 7K

CTRIG 20 30 560PF

LINT 10A 10 4NH

CDS 11 30 AUF

* CDS is used to simulate the fall time of the anode-cathode voltage.

M1 11 20 30 30 MOSNORM
.MODEL MOSNORM NMOS( LEVEL=1 VTOQ=98 RD=0.06

** PARAMETERS BELOW INCLUDED FOR DEFAULT VALUES

+ AF=1 CBD=0 CBS=0 CGBO=0 CGDO=0 CGSO=0
+CJ=0 CiISW=0 DELTA=0 FC=0.5 GAMMA=0 IS=1E-14
+KF=0  KP=2E-5 LAMBDA=0 LD=0 MJ=0.5 MISW=0.33
+NFS=0  PB=0.8 PHI=0.6 RS=0  RSH=0 TPG=1
+U0=60 VMAX=0 XJ=0 XQC=1 Js=1E-8 UTRA=0
+NSUB=0 NSS$=0

** PSpice (MICROSIM) SPECIFIC PARAMETERS FOLLOW
+JSSW=0 L=1E-4 N=] PBSW=0.8 RB=0 RDS=1E12
+W=1000 RG=0.5 TT=10N WD=0)

*The trigger threshold voltage can be varied by changing the parameter

* VTO in mosnorm model parameter set. Be sure that VTO is 2 volts

* less than the trigger voltage, otherwise the MOSFET won't turn on.

M2 11 25 30 30 MOSAVAL
EGSAVAL 25 30 300 400 1

* ---BEGIN LATCH----

*The threshold current can be changed in the HLATCIH statement. The

* -1500 value corresponds to a 150A threshold current. Muitiply the
*threshold current value times -10 to obtain 157 coefTicient in POLY.
HLATCH 100 400 POLY(1) VIDSMON -1500 10

DLATCH 100 200 DLATCH
Rl 200 300 1
CLATCH 300 400 10N
RLATCH 300 400 SO0K

DCLAMP 400 300
*--.END OF LATCH---
.MODEL MOSAVAL NMOS ( LEVEL=1 VTO=1 RD=0.06

** PARAMETERS BELOW INCLUDED FOR DEFAULT VALUES

+ AF=1 CBD=0 CBS=0 CGBO=0 CGDO=0 CGSO=0
+CJ=0 CIJSW=0 DELTA=0 FC=0.5 GAMMA=0 IS=]E-14

+ KF=0 KP=2E-5 LAMBDA=0 LD=0 MJ=0.5 MISW=0.33
+NFS=0 PB=0.8 PHI=0.6 RS=0  RSH=0 TPG=1
+U0=60 VMAX=0 XJ=0 XQC=1 JS=IE-8 UTRA=0
+NSUB=0 NS§S=0

** PSpice (MICROSIM) SPECIFIC PARAMETERS FOLLOW
+JSSW=0 L=1E-4 N=1 PBSW=0.8 RB=0 RDS=1{12
+ W=1000 RG=0.5 TT=I0N WD=0)

.MODEL DLATCH D( IS=1E-14 N=} BV=40K
**PARAMETERS BELOW INCLUDED FOR DEFAULT VALUES

+ AF=1 ClO=0 EG=L11 FC=0.5 KF=0 IBV=1E-10
+M=0.5 RS=0 TT=0 Vi=1 XTi=3

** PSpice (MICROSIM) -SPECIFIC PARAMETERS FOLLOW
+IBVL=0 IKF=1E12 ISR=0 NBV=l NRBVL=Il NR=2
+TIKF=0 TBVI=0 TBV2=0 TRSI=0 TRS2=0)

.MODEL DCLAMP D( IS=1E-12 N=1 BV=15
**PARAMETERS BELOW INCLUDED FOR DEFAULT VALUES

+ AF=1 CJO=0 EG=l1.11 FC=0.5 KF=0 IBV=]E-10
+M=0.5 RS=0 TT=0 Vi=1 XT1=3

** PSpice (MICROSIM) -SPECIFIC PARAMETERS FOLLOW
+IBVL=0 IKF=IE12 ISR=0 NBV=1 NBVL=1 NR=2
+TIKF=0 TBV1=0 TBV2=0 TRS1=0 TRS2=0)

.ENDS SPRYTRON

DCLAMP

TABLE 1. NETLIST FOR THE SPRYTRON MACRO MODEL
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total resistance and inductance in the circuit. Once the
source values of resistance and inductance have been
measured for the external circuit eclements, including
parasitics from wircs, leads, and connections, the sprytron
model paramelcrs can be calculated. All but two parameters
( VTO and RD ) in the MOSFET model statements use the
default values.

Figure 3. Sprytron Macro Model
Parameter Extraction

Figurc 4 shows the test circuit used for parameter
extraction and modecl verification. Parameter extraction for
the model requires known values of the external circuit
clements, mcasurcments from laboratory data (Ipc as a
function of time), and a scrics of simple calculations from
the characteristic cquations {4] for an under damped scries
RLC circuit. Mode! parameter valucs are initially calculated
using the method outlined in Table 2. The 1, wave forms
provide the timing valv ; needed for the calculation of the

SPRYTRON MACRO MODEL PARAMETER CALCULATIONS

= IDEAL RADIAN FREQUENCY =
NA’I URALF RLQULNCY OF AN L-C CIRCUIT =

*{ = *(1/T)_(L*C)(l/z)
f = FREQUENCY OF I, CURRENT WAVEFORM =1/T
T = PERIOD OF I, , CURRENT WAVE FORM

= REAL RADIAN FREQUENCY = (@ ! - o) !/2

0‘ Rtotal / ( 2 Ltotal)

R,y = EFFECTIVE TOTAL RESISTANCE OF TEST CIRCUIT =
REXT +R_, + RCVR
REXT = EXTERNAL LOAD RESISTANCE
(USE R, - R,,,, - RCVR IN SIMULATIONS)
Rpara = RDnc)nn // RDaval
RD, ., = DRAIN RESISTANCE VALUE OF MOSFET M1=
RDaval =2* R ara

DRAIN RESISTANCE VALUE OF MOSFET M2 =
RD nom= 2 ¥ R,

CEXT=TOTAL EXTERNAL'CAPACITANCE IN TEST CIRCUIT

L, = EFFECTIVE TOTAL INDUCTANCE OF TEST CIRCUIT =
LEXT+L,,
L, = SPRYTRON MACRO MODEL INDUCTANCE
LEXT = EXTERNAL CIRCUIT INDUCTANCE

=
A,
é
It

(USEL, , - L, INSIMULATIONS)
Calculations for determining:
Rlom] ' l‘lota) R para ’ R])avul ’ RDnoml » 0, and @,

i(t)y=Ac*cos(w, t) +Be'sin(wy t)
1(0)=A=0
g i(t)y=Be*sin(o, t)
dl/dl w, Be*'cos(wy t) -Be'sin(w, t)
Solve formav/min => di/dt = 0 =
o, = o (sin(w, t)/ cos(w, t))
or a = o, (cos(w, 1)/sin(w; t))
Use the lab data peaks to solve for several values of ot and ave:
Sol\cfor 0, = ((x)z'fot.2 )2
Liow = (1/(0J2 *C))
Rtom = *2* Llo\al
= R, - REXT
RD = RD = 2*R

aval nonn para

se them.

Table 2. Details of Sprytion Macio Model Parameter Caleulations
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The sprytron which we measured had a minimum holdofTl
voltage of 10 kV, a trigger probe resistance of 1 kQ, a
minimum trigger voltage of 100 V, and a trigger capacitance
of 650 pF. Mcasured laboratory data and simulated PSpice |
2 | data arc shown in Figurc 7 for tcst conditions of Vo =
5575 V, CEXT = 0.5 uF, LEXT = 321 nH, REXT = 543 m
2, and RCVR = 5 mQ2. Figurc 8 displays thec measured and
simulated voltage and current data for a different load
condition ( VCC = 5575 V, CEXT = 0.06 uF, LEXT = 401
nH, REXT = 269 mQ2 and RCVR = 5 m{2 ). The macro
model accurately simulates the peak values, decay
characteristics, and ring down frequency of 1. The macro
model accuratcly simulates the decay characteristics of V¢,
however better measurement techniques need to be explored
in order to obtain accurate V4 wavelorm data.

Figure 4. Test circuit for parameter extraction and model verification.

MODEL EVALUATION

Actual applications rcly on the anode-cathode
current supplicd to the load. Data was taken using a
Tcktronix DSAGO2A digitizing oscitloscope.  Although the
voltages arc displayed in the figures, there was not a
requirement to match these. The voltage measurcments were
extremely difficult to obtain. The 1000X Tcktronix 6015A
voltage divider probe which was used to take the voltage
mcasurcments only had an accuracy of approximately 10%.
In addition, thc mcasurcments had to be obtained at 100
MHz bandwidth which introduccd noise. We obtained
measurcments at a 20 MHz bandwidth which resulted in less
noise, but altered the fall time of thc voltage waveform.
Therefore, we  had to use 100 MHz  bandwidth
measurcments.  Figures 5 and 6 display the voltage and
current data for 5 shots using the same sprytron and load
circuil. The voltage peak values vary as much as 67%
{excluding the -1000 V spikes). ‘There is variation in currcnt
peak valucs of as much as 6% on the sccond and third peaks.
The customer's requircments for the macro model were that
the first current peak for 1, be within 5 % of the mcasured
value and that the sccond and third peaks be within 10 %.
The timing parameter requirements for the 1, wave form
were that the first three peaks and pulse widths be within 8
% of the measured values.  The macro model met or
cxceeded these requirements. We verilied the macro model
against  mcasured  values  for  scveral  diflerent  loads,
capacitors, and anode voltages using the circuit in Figure 4,

VOC = 5575V, CEXT = 0.06 uf, LIXT = 401 nif, REXT = 20m
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Figure 5. Measured anode-cathode voltage for § shots.
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Figure 6. Measured anode-cathode current data for S shots.



VOC = 5575 V, RIXT = 543 m, 11XT = 32U, CIXT = 0.5 uF

axo
000 T A - MEAS
o <= MAQ) - MEAS
©HAQ) - SIM
% 2000
« T U MAG - SIM
5] 2000 IO
»
-
3 100
>
= = gy
L4 ¥ ot
.41-06 X 2] 5.000 07 |k<\ /{1; 3441 06 45(104
1000 /
s
2000

TIMIE

Figure 7. Anode-Cathode voltage and current characteristics ( measured
and simulated ). )

g

g

§

=
g
g

xn

VOLTS OR AMPS

VOC = 5575 V, CEXT = 0.0GF, LEXT = 401nl{, REXT = 26)m

) e
I ——

‘I T 7T HAQ SIM
):’ T T OVIAG SIM
IMIMAS

4 T viaamas

SUMMARY and CONCLUSIONS

A macro model of a high cnergy switch, a sprytron,
has been presented.  The model is SPICE2G.6 compatible
which allows it to be used in the broadest range of circuit
simulators. The model accurately simulates the firing
characteristics of the anode-cathode current.  The model is
unique because it utilizes an clectronic circuit analysis
program to model a non-scmiconductor device. The model
parameters arc rclatively casy to extract from measured data.
The usc of this macro modcl docs not require an in-depth
understanding of the device characteristics. The macro
model is designed to allow the user to casily change sprytron
parameters such as trigger probe resistance, capacitance and
turn-on voltage. Futurc work could be done to improve the
Ve Pphase and amplitude characteristics.  However, the
model allows a designer o cxplore variations in circuit
loads, thus cnabling the designer to optimize his circuit
design analytically without having to resort to the morc
expensive method of laboratory bench testing,
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