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1.0 INTRODUCTION

This paper describes a general computer model for a high power SCR

that gives an accurate simulation of all important static and dynamic SCR

performance characteristics. This high power SCR model has been applied

to four different SCR ’s with surge current ratings in excess of 1000 amps.

These are the Westinghouse T527, the IRC 125PM, and the GE C354A and C358E

SCR’s. All of these devices use the shorted emitter construction . All

but one (C354A) have some form of amplifying gate. In every case , ex-

cellent correlation between the measured and computer simulated SCR per-

formance characteristics is obtained . The fact that the four devices

modeled have diverse characteristics , geometries, and construction features

indicates that the high power SCR model can be universally applied to other

SCR’s.

The high power SCR model described in this paper is an improved

version of the T527 SCR model previously developed by the writers and

published in Technical Report AFAPL-TR—75—l06.

1.1 The Intrinsic Three Junction SCR Model

The starting point for the high power SCR model is the intrinsic three

junction model for an SCR which is similar to the Ebers—Moll model for a

transistor. Although this basic three junction model has been described

in previous reports, it is repeated here for convenience. Referring to

Figure 1.la , the three SCR junctions are identified as follows. The junc-

tion closest to the anode is called the anode junction. The junction

closest to the cathode is called the cathode junction and the middle junc-

tion is called the collector junction.

The basis for the intrinsic SCR model , shown in Figure l.lb, can be

explained as follows . The three back to back junctions in the SCR are

represented by three diodes with currents JA , JC & JK where,

e V
JA tas~~ 

a 8_l) anode (1.1)

e V
jc — 1 5(c C C.~1) collector (1.2)

ekvk
— tks~~ 

—1) cathode (1.3)
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Figure 1.1

When the cathode junction is forward biased , a fraction, a1, of the

total injection current JK diffuses to the collector junction. This is

represented by a dependent current source a1JK. Similarly , when the anode

junction is forward biased , a fraction, a2, of the total injection current
JA diffuses to the collector junction. This is represented by a dependent

current source a
2
JA. Finally , when the collector junction is forward

biased , a fraction , a11, of the total injection current JC diffuses to the

cathode junction and another fraction , a12, diffuses to the anode junction.

These are represented by dependent current sources, a11JC and a12JC. Note
that the injection current JC has both a hole and an electron component ,

whereas a
11
JC is an electron current and a~2

JC is a hole current . Since

the sum of the two fractions , a11 and a~2~ cannot be greater than the
whole:

a
~1 

+ a
~2 

< 1.

Also associated with the three SCR junctions are capacitances CA, CC,

and CK , each of which has a diffusion component and a depletion layer com-

ponent. The diffusion components of the capacitances CA , CC , and CK are
proportional to the injection currents JA , JC , and .1K respectively . The

depletion layer components do not have a significant effect on the perfor— J
mance of a high power SCR and are assumed to be constants in the SCR mode

l2
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for simplicity. Mathematically ,

C A = K  JA+ C (1.4)da ta

CC KdcJC + C~ (1.5)

CK = KdkJK + Ctk (1.6)

where, Kd ,  Kd ,  and Kdk are diffusion capacitance proportionality constants

and C~~ , C~~ , and Ctk are depletion layer capacitances.

1.2 Two Dimensional SCR Model

The basic problem with the intrinsic SCR model is that it is a one di-

mensional model (i.e., it is based on one dimensional diode equations

and current flow) and does not account for two dimensional effects that

occur in a large geometry SCR . Although other modeling approaches have

been considered , the model configuration for the high power SCR was obtained

by adding components to the intrinsic SCR model to simulate the important

two dimensional effects that occur in a high power SCR insofar as the device

terminals are concerned . The resultant quasi two dimensional model is

shown in Figure 1.2. A brief explanation of the additional components in

this model follows.

il

÷1 1__r Câ : ,~8 (J~)o~4~~ii

O~~jc

~~:: ~:: ~~~~~~~~~~~~~~~~~~~~~~~
-T~~

Figure 1.2
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(a) The resistance RS represents the relatively small resistance be-

tween the gate and cathode electrodes due to the shorted emitter

construction used in modern high power SCR’s.

(b) The diode with current JG is not an actual diode but is a con-

venient way to represent the non—linear resistance of the gate

region between the gate electrode and the active portions of the

outer cathode junction. In an amplifying gate device, it also

includes the voltage drop across the pilot cathode junction .

The relatively high back resistance of this diode prevents the

SCR from being turned off when the gate is reverse biased.

(c) The non linear static on resistance between the anode and cathode

terminals is represented by the non—linear resistance RB in

shunt with linear dependent current source cx
aJA. Theoretically ,

this resistance decreases as the anode current increases because

a larger portion of the total cross sectional area of the SCR is

conducting current. This effect is due primarily to the built—

in transverse electric field in the gate region that results from

the shorted emitter construction. That is, as the anode current

increases a smaller portion of the outer cathode junction is

“shorted” out. This effect is simulated by making RB a decreasing

function of VCA (and therefore JA). The dependent current source

aeJA is required to obtain a much higher on resistance for the

dynamic case than for the static case.

(d) Simulation of the spreading effect is obtained as follows. During

turn on the additional current required to charge CA less the

current in CB flows in RB and results in a larger voltage drop

across this resistor than for the static case . Therefore, the

collector junction becomes forward biased (i.e., the SCR turns on)

at lower values of anode current than for the static case. Once the

SCR turns on, the voltage drop across the three forward biased

junctions does not change appreciably but the voltage drop across

RB slowly decreases to its steady state value. The time required

f or this to occur is the spreading time and is primarily depen—

~~ ~~~~~~~~~~~~~ - - - i
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dent on the values of RB , aa~ 
and CB. The capacitor CB is an

increasing function of VCA (and therefore JA). Note that both

RB and CB are specified as functions of VCA , the voltage across

CA , rather than JA because of SCEPTRE program requirements.
(e) If a turn—on gate current pulse is applied and the anode current

is above the holding current value but below the latching current

value the SCR will not stay on after the gate current goes to

zero. If a turn—on gate current pulse is applied and the anode

current is above the latching current value the SCR will stay

on after the gate current goes to zero and will not turn off un-

less the anode current is reduced to the holding current value .

On the other hand , if the SCR is latched—in with a gate current

pulse and then the anode current is reduced to a value between

the latching and holding current values and a turn—on gate current

pulse is reapplied , the device will turn off when the gate current

goes to zero; just as though the device had never latched in.

This latter sequence indicates that latch—in is not a memory or

hysteresis effect but is due to the fact that the device current

gain is somehow a decreasing function of gate current. Theoreti-

cally, the SCR cannot turn off unless its current gain (a1 + a2
in Figure 1.1) is less than unity. Therefore, in order to account

for the fact that the latch—in current is higher than the holding

current, a third dependent current source a3
JA has been added to

the SCR model of Figure 1.2. The current gain a
3 
has a small

finite value when JG 1 0 whereas a
3 

— 0 when JG > 0. Thus , the

anode holding current occurs at current levels such that a1 + a2 +

a3 
= 1 whereas the anode latching current occurs at current levels

such that a1 + a2 — 1. Since at low current levels, a1 and a2
are increasing functions of current , latch—in occurs at a higher

current level than hold—in .

Although Eqs . (1.1) through (1.6) are applicable to the model of

Figure 1.2 , much of the physical significance of these equations is lost

when they are applied to a large geometry device with shorted emitter con—

5
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struction . For example, Vk in Eq. 1.3 is not the actual voltage across the

outer cathode junction. As a matter of fact, it is impossible to represent

the voltage across this junction with a single lumped element since this

voltage is different at every point along the junction. On the other hand ,

the characteristics of the three back to back diodes in the SCR model or

the physical significance of the voltages across these diodes is really not

important. The important fact is that they are there to simulate the recti-

fying action of the 3 SCR junctions. This is somewhat analogous to saying

that the characteristics of the diodes in a full wave rectifier are not as

important to the operation of the rectifier as the fact tha t they are

there.

Because of the fact that the two dimensional model has lost much of

its physical significance,we have eliminated one component a11JC from the

original model which, although it has physical significance, has very little

practical significance. On the other hand , the current source cx~2
JC = ct~JC

is still required to simulate the fact that the SCR has inverse current

gain.

Also, it is recognized that the depletion layer capacitances do not

play a significant role in the operation of a large geometry SCR with

shorted emitter construction and these have been eliminated from the two

dimensional model. Thus the constant terms Cta and Ctc in Eqs. (1.4) and

(1.5) are arbitrarily small capacitors designed to prevent CA and CC trom

becoming zero when JA and JC are zero. On the other hand , the constant

term Ctk in Eq. (1.6) is designed to help simulate the SCR turn—on delay .

In a large geometry device this turn on delay is believed to be due pri—

man ly to the finite spreading time of the charge carriers, rather than the

charging time of the depletion layer capacitance as in a small geometry

device. Thus Ctk is considered to be a spreading effect capacitor in the

two dimensional SCR model.

1.3 SCEPTRE SCR Model

The SCEPTRE version of the two dimensional model for an SCR is

shown in Figure 1.3. Here an arbitrarily small capacitor CG has been added

In shunt with JG because of SCEPTRE program requirements. This is chosen

__________ _ _ _ _ _  - 
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so that it does not effect the model performance on the one hand and does

not require excessive computer time on the other . Similarly , arbitrarily

large resistors R2, R3, and R4 have been added in shunt with JK , JC , and

JA respectively . Also , an arbitrarily small resistor RA has been added

in series with the anode .

÷ 1 C6 ,C5

÷1

:~ 3 (.) 
_ _ _a 

cx K

JM — ct1(JK)*
.JK RB = f

1
(VCA)

JN — a
2(JA)*JA CB f2(VCA)

JR — cz
3
(JG)*J1(

JP = a (JK)*JA

JI — a
1(JC)*JC

Figure 1.3
4

7
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1.4 SCEPTRE*SCR Model Formats

The SCEPTRE SCR model formats for each of the four devices modeled

are listed in Figures 1.4 through 1.7. Of particular significance is the

fact that several of the noncritical model parameters are identical in

each of the four SCR models . Although the use of these standard values

for noncritical model parameters is not essential in modeling an SCR ,

it definitely simplifies the data reduction procedures . These standard

parameter values are listed below for convenience.

0 = 0 — 20V 1

1E-7a

I = lE —lla
ks

R3 = R4 = 1E7 ~2
R2 = 1E3 ~7
RA — .0005 c~
a = 0.98a

CC = lE—lOf

C — C  1E—9fta tc

* Bowers , J . C. and S. R. Sedore , SCEPTRE, A Computer Program for Circuit

and Systems Analysis, Prentice Hall, 1971

Bowers , J. C., J. E. O’Reilly, G. A. Shaw, “User ’s Manual for SUPER*SCEPTRE”,
U.S. Army , N.T.I.S., AD—A0ll348

8
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1,0.4, l .J5,..1o, 1.1,.12, 1.2,.)b, 2,.”ó

Figure 1.5
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MLDLL 1527 (C—A— K )
SUP PLLE U ~ Y uNIvLR S~~TY (J~- SDUIH FLUi~IU8 ,TAMPA ,FLUR1U4,1976T~ O UI~~[F~S 1LNAL h11h CUkI-~~NT SC R M( iOE L
UNI1 S~ VI~LTs t~bKS AMPS I - A RA J S  HEN RIE S SECONDS
E L E PE N T S
JA,3—2= [1C1j t ~ (1E—7 , ? L)
JC,1—~~=D I1UE (.e(tE-—7,20)
Ja (.1— ’c~~L~I UUE ~ ( 1 E - — 1 l , 3 J J
J 6 5G—1 =P,I [DE TAL L~ 1
JH,2—I TA bL r 2 (JGI*JK
JI ,2— 4=TtI -~L E  3 ( J L ) * J C
Jl~, 2 — l - = T A I L h  4 ( J K ) * r J t ~
JN, 2— 1=T At ~LE 4 (JA )*JA
JP~~~~ 3 a ~~t~’JA

R2, 1— Ic= 1F 3
R 3 , 2 — 1 = 1 f  7
R4. 3—�= 1fi
R A • A —4 = . C C 05
kB, 4— 3=TAE LE L( VC A )
CA .3—2=OI (~~.OE— (,J (,L.JI— 1,1t— 9~
Cb ,4—3 = TAb LE 5 (VCA )
CC,1—~~=(J 1 (L.uL— G ,J (,1.jC— 1,1.JE— ~~

)
CK ,1— K=~~1(4. —~~,JE~,1E— 11, -s.Jt—N
CC, C— I = I • CE — I J
OLTPU 1 S
VCC ,I k A ,PL (~T
V~ A ,V C K ,V 1~S ( V G ~c ) , J A ,J G , h . S , I4 L i
FU NGI l E NS

A ,  •C. M *(  b+C)
DI CCE TAb L E 1
— 1O .— .1. — O .U,— .CC1, (j,U, O.3,.).)1 , 0 .7, .3 1,  0.9,.)4, 1.3,.125, 1.8,3.4,
2 a 3 s 3 . ’.~TAdIE 2
— .1,.125, 3,.125. •0J1,J, 1,)
TAbLE 3
O,C.L, t .C.1. IC,C, I , ~~U ,U
TA BLE 4
IL—L ..1, 1I - —~~,.1. .

‘))1,.i~~, .Jd,.43, .15,.4~
,, •25,.5, 1,.55, 1U,.58

1CO..~~3, 1E3,.5~
TA8LL 5
0 , 1E— ç . . U . & , 1 L — ’s ,  C . b , 1 . 0 t — c i , ~~~~~~~~~~ Cj.9,2.0E 7, C.95,2E—6, 1,1E 5,
L.1,1E—4. 1.2,IE—3
TA B LE ~
O.~~C), O . t , 5 C U ~ ~i . 7, 4 C O,  u.i’ , l S J ,  C . B , ’30, 0 .85,15,  0 .9,5 ,  0 .95 ,1.5,
1,0.1’,, ~~~~~~~~ 1 . L , U . 1~~, j .~~~, . J b ,  ~,.06

Figure 1.6
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MODEL 125PM (G—A— K )
TWO D I M E N S I O N A L  HIGH CURRENT SCR MODEL
SUPPLIED BY NIVERSITY ~F 530TH F L O R I O A , T A M P A ,FL O R I DA, 19 7 6
UNITS : VOLTS OHMS AMPS FA RAD S HENRIES SECONDS
ELEMENTS
JA,3 — 2 0100E Q ( 1 E — 7 , 2 0 1
JC,I—Z=DIODE QUE— T , 2 3)
JK,1—K DIODE Q(1E 11,30)
J G ,G— 1 DI3DE TABLE I
JH, 2 — L — TAB LE  2 (J G ) * J K
J I , 2 — 4 S T A B L E  3 ( J C I* J C
JM ,2—L TABLE 4(JK)*JK
J~~,2=1~~TA8~ € 4 ( J 4 ) * J 4
J P ,4— 3 .98*J A
RS,G—~~ 33R2 , 1—I(= 1E3
R3 ,2— 1=1 E 7
R4 , 3— 2= 1E 7
R A , A — 4 2 0.0035
RB,4— 3= TA BL E 6 ( V C A )
CA ,3— 2 Q1 I 1.OE—6,JA , 1.OE—7,1 .OE—9)
C B ,4 — 3 TAB LE 5 ( V C A )
CC, I-2=Q l ( 5 . O E— 6 ,J C , 1 . O E — 7 , 1 . O E— 9 )
C K , l — K Z Q L ( l . O E— 7 , J K ,1 .O E—l l , 1E 9)
CG ,G—l=1. DE— lO
OUTPUT S
VCC , IRA , PLOT
V C A , V C K ,V R S ( V G K ) , J A , J G , I R S , 1 R 8
FUNCTiONS
Q1(A,B,C ,D~ z (A * I8+C),D )
DIODE TABLE 1
—lO, — 0.1, — 0.8, — .D01, 0,0 ,  .3,.001, .7,.U, l ,.03, 2, .12,  3 .6 , .38,  6 ,0 .8
TABLE 2
—1 ,.338 , 0,.038, .001,0, 1,3
TABLE 3
O, .t 5 ,  t , . t5 ,  10,3, 1000,0
TABL E 4
LE—6,.2 , 1E—5 ,.2, .0OI,.45, •01,.48, •05,.49, .11,.50, .3,.55, 1,.60,
I0,.63, 100,.55, 500,.52, 1E3 ,.52
TABLE 5
0,LE— ;, •13,IE—9, O . 8 , I E — 8 ,  0. 8 5 ,5E —8.  0.q , 4 .O E— 7 , 0 .95 ,3E— 6 ,  1, l .2E—5 ,
1. 1, 1E— 4, 1.2 ,LE— 3
TABLE 6
0,400, .65,433, 0.7,250, 0.75,100, 0.8,38, 0.85,12, 0.9,4.5, 1,.65,

.4 1.05,.24, l.1, 12, 1.2,0.06, 1.3,.06 :~
Figure 1.7
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1.5 SCR Model Changes

Although the high power SCR model described in this report has essen-

tially the same configuration as that for the T527 SCR previously described

in Technical Report AFAPL-TR-75-106, several changes have been made to the

original model. These changes , which were made either to simplify the

model without sacrificing performance or to improve the model performance

without adding complexity, are descr ibed in this section .

(1) Several parameter values were changed to effect standardization

for all four devices as discussed previously .

(2) CB was changed from a linear function of JA to a tabular in-

creasing function of VCA to effect a better simulation of the

spreading effect over three decades of current rather than at a

single current level.

(3) The static on resistance simulation was changed from a linear

resistance in shunt with a non—linear dependent current source

to a non—linear resistance RB in shunt with a linear dependent

current source a8*JA. This change made it possible to get a

better simulation of the on voltages and the break point between

the anode current rise time and spreading time intervals at low

current levels .
(4) The resistance RC previously connected in series with CB to

smooth the transition between the anode current rise t ime and

spreading time intervals has been eliminated because the changes

made to RB and CB make it unnecessary.

(5) The resistance RG previously connected in shunt with JG is

unnecessary and has been eliminated .
(6) The forward current gains and 

~2 were made identical functions

of JK and JA respectively to simplify data reduction procedures

without sacrificing model accuracy .

1.6 Initial Conditions Specification
In using the SCR model in a circuit application where the anode to

cathode voltage is positive but the gate current is below the turn—on

13
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value ,it must be recognized that SCR has two possible stable states. If

all three junctions in the SCR model are forward biased , the SCR will be

on , whereas if the center junction is reverse biased , it will be off. In

a computer simulation of a network the desired state can be insured by

specif ying the approximate initial voltages across the junctions in the SCR

model. These voltages are specified in the CIRCUIT DESCRIPTION portion of

the SCEPTRE listing , under the subheading INITIAL CONDITIONS. The Format

Is:

VJXXX = NUMBER
These specified voltages are the starting values of the D.C. (i.e., initial

condition) portion of the program . The exact initial conditions are ob-

tained by including the entry RUN INITIAL CONDITIONS under the subheading

RUN CONTROLS. These starting values need not be the exact values, but a

poor estimate may lead to the wrong starting state or to convergence pro-

blems. Cood rule of thumb values to cover most circuit applications are

listed in the table below.

SCR initially on SCR initially off

VJA = +0.9 VJA = +0.1
VJC — +0.9 VJC = _Vaa(anode supplyvoltage)

VJK — +0.9 VJK 0.0

The SCR Turn—Off Time test described in section 4.3 is an example of

a circuit which requires that the initial condition voltages be specified .

The CIRCUIT DESCRIPTION listing , with appropriate cards identified , is

shown in Figure 1.8. The values given correspond to SCR1 initially on and

SCR2 initially off.

Even if the turn—on gate current is greater than the turn on value,

convergence problems may occur •vhen the initial conditions solution is

desired . Supplying the SCR initially on values will prevent any problems.

14
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CIRCUIT DESCRIPTION
SCR TURN OFF TEST
ELEMENTS
RA ,2— 4— 3
EAA , 1—2—15
RAA,2—3 .5
CAA , 4—3—35E—6
SC1,5—3—l—MODEL T527Z12
SC2 ,6—4—l=MODEL T527Z12
RG,6—7— lO
EG,l—7=TABLE 1
DEFINED PARAMETERS
PVAK-Xl (EAA-VRAA)
OUTPUTS
PVAK(VAK ) I PLOT
FUNCTION S
TABLE 1
0,0, lE—7 ,5, 1E—5 ,5
INITIAL CONDTIONS
VJASC1— .9 ,VJASC2— . 1
VJCSC1= .9 ,VJCSC2=—l5
VJKSC1— .9 ,VJKSC2=0
RUN CONTROLS
RUN INITIAL CONDITIONS
STOP TIME = 1E—4
INTEGRATION ROUTINE=IMPLICIT*
MINIMUM STEP SIZE—lE—30
MAXIMUM INTEGRATION PASSES=lE6
MAXIMUM PRINT POINTS—SO
RERUN DESCRIPTION
ELEMENTS
CAA—45E—6
END

Figure 1.8

* Requesting the Il ’WLICIT integration routine is essential when using the
SCR model with SCEPTRE . The XPO default routine uses large CPU times for
circuits containing this model. In general, the IMPLICIT routine is always
specified with circuits containing wide—spread time constants.

15

- - - -— - ~-~.---- 
-, 
-.— -

- 

V - 
- — 

---— .- — - 
- 

—~- ~~~~~~~~~~ — 
--



2.0 SCR TURN—ON TRANSIENT

Because of the importance of the SCR turn—on transient , considerable

time has been spent in studying this problem. Experimentally , the effects

of gate current , anode current , and anode voltage on the turn—on transient

have been determined . Analytically , the equations for the SCR model during

the turn—on transient have been determined to gain a better understanding of

what parameters effect the various portions of the turn—on transient. Nuin—

erous computer simulations have been run to determine these effects more

accurately. This section summarizes the general results of this study .

Specific results for each of the SCR’s modeled are deferred to a later

section . Although this section appears in Technical Report AFAPL—TR--75--l06,

It has since been expanded and revised.

e.s -~~

Figure 2.0.  Turn—on Transient

The turn—on transient for a typical high current :~CR is shown in

Figure 2.0. This turn—on transient consists of three distinct intervals,

a turn—on delay time , t d~ 
an anode current rise time interval , tr, and a

spreading time, t .  The following general observations can be made about

this turn—on transient.

a. Experimentally , the turn—on delay, t
d~ 

is a strong function of

gate current, Tg’ 
with t

d 
increasing as I~ decreases. In the

limit td becomes infinite as I~ decreases to the turn on gate

current value. $

_ _ _ _ _ _  - - -  
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b. The rise time interval, t , is virtually independent of the gate

current , I . During this interval , ~1 + a2 > 1; the SCR is

operating in its regenerative region and is literally turning itself

on. The rise time interval, tr) is the easiest of the three inter-

vals to understand and analyze. In terms of the SCR model , it is

dependent on the values of a
1 

+ a
2 
and the anode and cathode

diffusion capacitance constants, Kd 
and Kdk

. This has been veri-

fied by analysis and computer simulation.

c. If the scale on the turn—on delay is expanded , it can be seen that

td consists of three separate regions. First there is an initial

delay time required to charge up the cathode spreading effect

capacitance to the gate turn—on value. Next , the anode current

builds up very slowly to the point where a1 
+ a2 — 1 and the SCR

enters its regenerative region. The final interval is anode

current dependent since the time required for the anode current to

build up to 2a from the unity gain point is part of the rise time

if the final value of the anode current Is lOa, but it looks like

part of the delay time if the final value is l000a.

d. The spreading time, t , is due to the fact that when an SCR is

turned on very rapidly , only a small portion of the SCR junction

areas near the gate turn on initially and the anode to cathode

voltage is relatively large . As the on portion of the SCR junction

area spreads, the on voltage slowly decays to its steady state

value. This effect which has frequently been described in the

literature causes the final portion of the turn on transient to be

rounded .

e. The turn—on transient appears to be relatively independent of anode

voltage .

2.1 Analysis of the Turn—on Rise Time Interval

During the anode current rise time interval, the collector junction

is reverse biased such that JC — 0. Also , the anode and cathode diffusion

capacitances are much larger than the depletion layer capacitances. There-

fore , the SCR model can be simplified to that shown in Figure 2.1. Applying
KCL to this circuit gives,
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JG

~~

fJK

Figure 2.1. Rise Time Interval SCR Model

dJA
= ~ — —

~
-
~~ + JA

— a
1 JK + a2 JA (2—1)

Kdk dJK=1~ 
—~-- + J K - J G

k

Eliminating JK from these equations gives,

Kd Kdk d2JA + 
~~~~~ (1-a1

) K 
+ 
(1—a2) K~~

a
1

0 0
k dt

2 dt a
1 °a 

a
1

(1—a1 
— a

2
)

+ JA — JG (2—2)a1

Since a
1 + a2 > 1 during the rise time interval the characteristic

equation for JA has a positive root which causes JA to increase indepen-

dently of JG. In order to gain some insight into what factors effect the

rise time interval, an approximate solution to eq. (2—2) was obtained based

upon the following assumptions.

I
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a. The current JG is assumed to be negligible. Thus the solution

is valid only for values of JA>>JG.

b. The second derivative term in eq. (2—2) is assumed to be negligible

during the ri8e time interval. In other words the system is assumed

to have a dominant time constant.

c. Although a
1 
and a

2 are functions of current , these are assumed to

be constants during the rise time interval.

With these assumptions, the solution is,

JA = J A c (t t0
~~~x (2-3)

where JA = value of JA at t = t
0 0

(1—a
1

) K
ã /O ÷ (1—a2) K

dk/Okand T = (2—4)x a1 + a -l

Although a
1 and a2 vary over the rise time interval , eq. (2—3) can

still be used to obtain a step by step numerical solution for JA. That is

the equation

(t  — t ) / - tn+l n xnJA = JA c
n+l n

can be solved repeatedly with n = 1, 2, ..., etc , using the values of a1 and

a over the interval t — t to calculate I2 n+l n xn

An expression for the anode current I can be obtained as follows .a

Taking the derivative of both sides of eq. (2—3) gives

dJA JA
dt I

x

Substituting this expression and eq. (2—3) into eq. (2—1) yields
K

‘a — JA (1 + (2—Sa)

19
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K (c-t ) / T
= JA (1 + cia

) 
0 X (2—5b)

The preceding analysis can be Interpreted as follows. If I is equal

to a constant during the rise time interval , the anode current 1a Increases

exponentially with time until the collector junction becomes forward biased

and the SCR is on. At this point eq. (2—5) is no longer applicable , the

rise time interval ends, and the spreading time begins. Experimentally,

this break point occurs when the derivative of the slope of the turn—on

transient goes through zero. (from a positive to a negative value).

2.2 Analysis of the Turn on Delay Interval

During the initial portion of the turn on delay interval , td1~ 
JA~ JK~O

and the cathode spreading effect capacitance is being charged up to the turn

on value of the gate voltage by the turn—on gate current 1g. A simplified

model for the SCR during this interval is shown in Fig. 2.2. In this model

R is the Norton Equivalent resistance of the gate circuit including RS, R2,

and JG.

Figure 2.2

Assuming that the cathode spreading effect capacitance, Ctk can be

represented by a constant average value during this interval, the junction

voltage Vk is given by,

V I R (l_c th’T
~
1
)k g o

where
V T

d 
— RoCtk 

(2—6)
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The interval t~1 ends when Vk charges up to the turn on value of the

gate voltage , Vk(turn on). Thus,

tdl Td in 1-  Vk 
(turn_on)/I

gR0 
(2-7)

During the second portion of the turn—on delay interval , td2~ 
the SCR

begins to turn on , and JK , JA , and the current gains increase to the point

where cz
1 

+ a2 
— 1. During this interval the model of Figure 2.1 and eq.

(2—2) are applicable except that a1 + a2 < 1, eq. (2—2) does not have a

positive root , and therefore JA increases very slowly. In order to gain some

insight into what factors effect this interval , an approximate solution can

be obtained by neglecting the second derivative term in eq. (2—2) and

choosing a small enough interval , t—to, that a1 and a2 are approximately

constant. With these restrictions ,

a JC
JA = 

1 ( l c
_ (t_to)/T

X) + JA —(t—tO)/T (2—8)
1—ct1 —ct2 

cc

where JA = value of JA at t=to .

This equation could be used to obtain an approximate numerical solution

for JA as a function of time. However , its main utility is that it illus-

trates the effects of Kd ,  Kdk, JG , and the low current values of a1 
and a

2
on the turn on delay interval , t

d2~

2.3 Analysis of the Spreading Time

During the spreading time interval all three of the back to back diodes

in the SCR model are forward biased and the total voltage drop across these

three diodes does not change appreciably. Therefore , in this analysis the

voltage drop across these three diodes is assumed to be a constant value

V . Also , the turn—on gate current is assumed to be very small compared to

the anode current so that 
~a 

1
k~ 

With these assumptions the spreading

time SCR circuit model can be simplified to that shown in Figure 2.3.
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Figure 2.3

Appl ying KCL and KVL to this simplified model ,

v -v -VB
‘a ~~ ~~~~~~ 

= CB 
~~~~~~ 

+ + ct JA (2—9)

Also , apply ing KCL to the more exact SCR model ,

I - J A + CA~~~~a cit

Computer simulations reveal that the second term on the right hand side

of this equation is negligible except during the initial portion of the

spreading time interval , so that ‘a 
JA. Substituting this relationship

into eq. (2—9) and rearranging gives ,

1—a (1—ct ) (V —V )dVB VU 1 a - a aa o
dt~~~CB RB + RL + RA - CB RL + R A  -l

Since CB and RB are functions of VCA and consequently VB , this is a

non—linear differential equation . However , it can be linearized to yield

an approximate solution by using avg . values of CB and RB over the current
V 

range of interest. The resultant solution is,

VB(t )  — VB f + [VB i — VB f I ~~
t1’T

9

wher e VB f — steady state value of VB

VB~ — value of VU at beginning of spreading time interval

22
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and I = C
~_aa 

(2—11)

RB + RL+RA

This analysis indicates that during the spreading time interval, the

anode current ‘a 
slowly rises towards its final value with an exponentially

decreasing slope. This agrees closely with experimental results. If the

spreading time is defined as the time required for VB to go from VB
1 

to

90% of the way between VBf and VBi, then, t 
— 2.31 .

2.4 Analysis of the Breakpoint Current

In this section, an approximation for the anode current at the break-

point between the anode current rise time interval and the spreading time

interval is determined as a function of the anode supply voltage V
aa~ 

load

RL , and the SCR model parameters. In this analysis, the turn on gate

current JG is assumed to be very small compared to the breakpoint anode

current so that I I . This assumption is valid for all devices testeda k
with a 1000 amp turn on transient but is not necessarily valid for all de—

vices at lower current levels.

At the breakpoint between the anode current rise time interval and

the spreading time interval both JC and VCC = 0. Therefore, from KVL, the

voltage across RB is given by,

VB = V - I (RL + RA) - VCA — VCK (2-12)aa a
Also, applying KCL to the SCR model ,

I = CU ~~~~~~ + 4 a JA (2-13)a dt RB a

Since the breakpoint occurs at the end of the rise time interval, the

relationship between I~ and JA given in eq .(2—Sa) is applicable.

Unfortunately , it is not possible to obtain an exact analytical ex-

pression for dVB/dt at the breakpoint. Because of the fact that RB is a

nonlinear decreasing function of VCA , whereas lB is an increasing function

of JA, the breakpoint value of dVB/dt may be positive or negative or approx—
imately zero . However , computer simulations on all four devices reveals

that if the dVB/dt term in eq. (2—13) is neglected , a maximum error of

25% occurs in the breakpoint value of I. In most cases the error is much

less than this. Therefore, substituting eqs. (2—12) and (2—5a) into
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eq. (2—13), setting dVB/dt = 0 and solving for the approximate value of

‘a gives ,
V - V CA - VCK

— aa (2—14)

RL + RA + RB (1 _
1~~~~~0 Ida a x

V - VCA-VCK
— aa

RL + RA + RB 1 -  
cc

1+ (l_ct
l
)+(l_ct

2
)K
dk

Oa/KdaOk

In spite of the approximations involved in deriving this equation , it

has proven to be very useful in the data reduction procedures, both in the

selection of a and in the selection of the ratio Kdk /Kd .
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3.0 SCR STATIC PERFORMANCE CHARACTERISTICS

The static tests described in this section were performed in the

lab and simulated on the computer to verify that the static characteristics

of each SCR and its computer model are approximately the same. For each

test experimental data was obtained for four different devices of each

type. From this data one device of each type was selected as a “typical”

or “average” device. The data from this “average” device was then used

to determine the SCR model parameters and was also used for comparison with

computer results.

The decision to use data from an “average” device rather than average

data from all devices measured was made primarily because of the inter-

relationships between the various SCR model parameters and characteristics.

For example, a device with a low measured value of RS will also have a

high turn—on gate current and long turn—on delay. Also, a device whose

performance is average in one test may not be average in another test.

Because of the fact that the static characteristics of a typical SCR

vary over a wide range, it is ludicrous to try to obtain correlation

between computer simulated vs measured results with a high degree of

accuracy (i.e. three places). For example, for a typical SCR values of

the turn—on gate current , anode holding current and latch—in current can

be expected to vary over a range of at least two to one.

3.1 Turn—on Gate Current and Volt~ge

The SCR turn—on gate current and voltage were measured and found

to be virtually independent of the anode supply voltage Vaa 
and load R

L
.

This test was simulated on the computer by applying a slowly increasing ramp

current source to the gate of the SCR and noting the values of V
gk 

and I~
for which turn on occurred . In this simulation, Vaa — 1OV and R

L 
-

A comparison of the measured vs computer results is listed in the table

below along with the data sheet specification for each device modeled .
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Device Parameter Computer Measured Sp~ec.

C354A 1GT 84.4 ma 85.5 ma 50 ma typ.

C354A VGT 1.18 V 1.19 V 1.25 V typ.

C358E ‘CT 48.6 ma 45.5 ma 50 ma typ.

C358E VGT 1.25 V 1.21 V 1.25 V typ.

T527 ‘CT 120.8 ma 125 ma 150 ma max .

T527 VGT 1.67 V 1.90 V 3 V max .
125 PM 37. O ma 34 nia

125 PM VGT 1.l6 V l.24 V

3.2 Anode HoldinR Current

The anode holding current was measured with the gate open (I O)

by slowly decreasing the anode current from an initial value of la until

turn off occurred . This test was simulated on the computer by applying an

incrementally decreasing current source to the anode and noting the value of

current which causes VCC to become negative (collector junction reverse

biased). A comparison of the measured vs computer results is listed in the

table below along with the data sheet specification (where available) for

each device modeled . The 3 ma range listed for the computer simulation is

due to the finite resolution of this test.

Device Computer Measured Spec .

C354A 72—75 ma 75 ma 100 ma typ.

C358E 51—54 ma 52 ma 100 ma typ.

T527 135—140 ma 138 ma — — — —
125 PM 48—51 ma 50 ma — — — —

3.3 Anode Latch—In Current
The anode latching current was measured with a f ixed anode load

resistance and series gate resistance. The anode supply voltage was slowly

incr eased while the gate supply was alternately turned on and off and the

-
‘ 
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value of the anode current at which latch—in occurred was noted. In the

computer simulation, the anode supply voltage was a ramp function and the

gate supply voltage was a rectangular wave. A comparison of the measured

vs computer simulated results is listed in the table below for each device

modeled . The uncertainty in the computer value is due to the resolution

of the test simulation. Better resolution requires excessive computer time.

Device Computer Measured

C354A 376—410 ma 400 ma

C358E 174—188 ma 180 ma

T527 218—256 ma 250 ma

125PM 102—115 ma 110 ma

3.4 SCR “On” Voltages

A comparison of the measured vs computer simulated anode to cathode

on voltage V
k with the gate open circuited are listed in the tables below

as a function of I for each of the devices modeled.a
All measured values up to and including the 100 amp value were

obtained from static tests using a high current DC power supply and digital

voltmeter. For this test, devices were mounted in a large commercial heat

sink with manufac turer ’s recommended torque applied and with forced air

cooling to minimize heating effects. Although heating effects appeared to

be minor , a hysteresis effect was noted since a different reading was

obtained for the case where the current was increased to the test value then

for the case where the current was decreased to the test value. This hysteresis

was as much as 50 my at some current levels. However, this difference is

small in comparison with the differences in on voltages obtained from different
V 

devices of the same type. For purposes of comparison, the measured values

listed in the tables are the increasing current values.

1000 amp SCR on voltages were obtained from scope measurements of

the turn on transient.
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‘a C354A C358E
Computer Measured Computer Measured

0.la 1.356 V 1.52 V 1.429 V 1.58 V

0.2 1.362 1.32 1.475 1.47

0.5 1.308 1.27 1.444 1.48

1.0 1.247 1.29 1.412 1.46

5 1.273 1.25 1.430 1.39

10 1.285 1.26 1.426 1.41

50 1.276 1.27 1.471 1.47

100 1.398 1.28 1.595 1.56

500 2.131 ———— 2.521

1000 2.939 3.0 3.478 3.5

I T527 125PM
a

Computer Measured Computer Measured

0.la 1.503 V 2.18 V

0.2 2.014 V 2.50 1.609 1.68

0.5 1.988 2.16 1.648 1.61

1.0 1.840 2.01 1.619 1.63

5 1.734 1.77 1.620 1.73

10 1.693 1.83 1.745 1.83

50 1.807 1.89 1.720 1.77

100 1.981 2.05 1.854 1.81

500 2.652 ———— 2.530

1000 3.638 3.5 3.487 3.5

-- 
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3 .5 SCR Gate Characteristics

A comparison of the measured vs computer simulated gate to cathode

voltage Vgk with the anode open circuited are listed in the tables below
as func t ion of for each of the devices modeled.

C354A C358E
Computer Measured Computer Measured

.02a .297 V .3OlV .548 V .573 V

.05 .740 .753 1.206 1.159

.1 1.207 1.166 1.644 1.618

.2 1.553 1.611 2.077 2.060

.5 2.237 2.258 2.623 2.670

1.0 2.798 2.836 3.314 L . 3 5 7

T527 125PM

Computer Measured Computer Measured

.02 .375 V .353 V .643 V .677 V

.05 .924 .878 1.348 1.335

.1 1.492 1.490 1.883 2.001

.2 1.939 1.952 2.739 2.736

.5 2 .54 9 2 .457 4.340 4.473

1.0 3.076 3.025 6.802 6.95
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4. 0 SCR DYNAMIC PERFORMANCE CHARACTERISTICS

The following tests were performed in the lab and simulated on the com-

puter to verify that the dynamic performance of each SCR type and its corre-

sponding computer model are approximately the same .

a. Turn—on Transient vs Anode Current

b. Turn—on Transient vs Gate current

C. Turn—off Time (SCR Flip Flop)

41 Turn—on Transient vs Anode Current

The effects of anode current on the turn—on transient were measured

with the test set up shown in Figure 4.1. With this test set up the capaci-

tor bank C is initially charged up by momentarily closing the switch Sl and

then the SCR is triggered into conduction while the load voltage waveform

is monitored with the scope connected directly across the load. The capaci-

tor bank C consists of several computer grade capacitors totaling approxi-

mately 0.7f so that significant discharge does not occur during the tran-

sient period . Circuit conductors are copper bus bars and heavy cables with

as short a length as practical to minimize lead resistance and inductance.

Load resistors must necessarily be of the non—inductive type .

J

j~~iPflh Y ~ t.

.4~- ~i. ~
To ScoP~

Figure 4 1  
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For each test the DC power supply voltage was adjusted to give a final

value of 10 volts across Each device was tested with RL .0112, .0617,

and 112. These values result in load currents of l000a, l67a, and l0a re-
spectively. A value of RG 1012 was used for all of the devices except the

125 PM where a value of RG — 5012 was used . The gate trigger pulse was 4

volt peak amplitude with a 6 psec width. The .0117 resistor used for the

l000amp test is a secondary standard.

The overall computer simulated turn—on transients for the 4 SCR’s

modeled are shown in Figures 4.2 through 4.21 along with polaroid picture

insets of the corresponding measured transients. Note that 5 figures are

shown for each device. One of these shows the transient response with

— 112 and the other 4 show both the initial portion of and the overall

transient responses with R.L 
= .0612 and with R.L = .0112.

Considering the fact that the transient test cover three decades of

anode current , the correlation between the experimental and computer

results is very good both in terms of time intervals and waveshapes. In

fact it is better than that obtained previously with the original model

for the T527 SCR. However, the following significant discrepancies should

be noted .

a) In general the breakpoint between the rise time and spreading

time intervals is too high for the 167 amp transient test and

too low for the 1000 amp test in the computer simulation . Un-

fortunately , these two cannot be adjusted independently to obtain

better correlation.

b) For most of the devices the rise time portion of the 167 amp

transient is too fast in the computer simulation . Unfortunately ,

this rise time cannot be increased without increasing the turn

on delay In the 1000 amp response. However , correction of the

breakpoint discrepancy would also minimize this discrepancy.

4.2 Turn—on Transient vs Gate Current

The effects of gate current on the turn—on transient were also

measured with the test set up shown in Fig. 4.1 with RL 
— .0617. With

the C354A and C358E the gate trigger pulse amplitude was set at 3.6 volts

and the gate current was varied by using values of RG — 1012, 1817, and 2717.
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With the T527 and 125PM the values of RG were set at 1OQ and 5O~ resp-

ectively and trigger pulse amplitude values of 4V, 5V, and 6V were used

to vary the gate current.

The initial portion of the computer simulated turn—on transients

for the 4 SCR ’s modeled are shown in Figure 4.22 through 4.25 along with

polariod picture insets of the corresponding measured transients. For

convenience of comparison all three turn on transients for each device

are plotted on the same sheet. Note that the major effect of decreasing

the gate current is to increase the turn on dealy. Although the correl-

ation between the computer simulated and measured turn on delays is gen-

erally good , the following significant discrepancy should be noted .

For the C354A the computer simulated turn on delay with RG = 27~2

is much too short. However , this gate resistance value give a gate

current that is only slightly larger than the turn on gate current.

Under these conditions the turn on delay is a strong function of turn

on gate current and poor correlation can also be expected in the turn

on delays from one device to the next because of the wide variation in turn—

on gate currents.

4.3 SCR Turn—off Time

The SCR turn off time was measured using the SCR flip flop

circuit shown in Figure 4.25. When SCR1 , the device under test , is on and

SCR2 is off , capacitor C charges up through R2 and SCR1 to a potential

slightly less than the supply voltage. Now if SCR2 is suddenly turned

on by a positive gate pulse , the right hand side of capacitor C is

clamped at close to ground potential and the anode voltage of SCR1 is

forced to become negative b’~cause of the charge on C. This negative

anode voltage begins to turn SCR1 off but this turn off is not complete

until all of the stored charge associated with the collector junction has

been removed . Meanwhile, capacitor C begins discharging through Ri and

SCR2, causing the anode voltage on SCR1 to rise exponentially toward the

supply voltage.
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Figure 4.26 SCR Flip Flop

When this anode voltage becomes positive , there are two possibilities.

If turn off of SCR1 is complete , the anode voltage will continue to rise

toward the supply voltage . However , if turn off of SCR1 is not complete ,

it will begin to recover the stored charge it lost during the time when

its anode was negative and the anode voltage will gradually return to its

steady state value . These two possibilities are illustrated in Figures

4.27 and 4.28 for the C358E , which show the computer simulated anode

voltage vs time with C Spf and C C l5~-if.

Now if the capacitor C is adjusted so that SCR1 is barely able to

turn off , the turn off time is exactly equal to the time required for the

anode voltage to rise from its extreme negative value to 0 volts . A com-

parison of the measured vs computer simulated off—on values of C are listed

in the table below for each of the devices modeled .

Device Measured Computer
OFF—ON OFF—ON

C354A 7—8jif 5—lOiif

C358E lO—ll~if 5—l5~if

T527 4O~if 30—4Op f

125PM llpf 15—2Op f
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The component values used in the circuit of Figure 4.26 are listed

in the table below for each of the devices modeled .

Device Rl R2

C354A ~~ 5~
C358E l~2 5c~
T527 .5~2 3~
125PM .5~
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5.0 DETERMINATION OF THE SCR MODEL PARAMETERS V

This section describes the tests and data reduction procedures that

were used to determine the parameters for the four SCR models. Whenever

possible , important SCR performance characteristics were used to help de—

termine these parameters. These include the following.

a. Turn—on Delay , td

b. Turn—on Time , tr

c. Turn—on Spreading Time , ts
d Break point between tr and ts

e. Turn—off Time

f. Gate Turn—on Current and Voltage

g. Anode Holding Current

h. Anod e Latching Current

i. SCR “on” Voltages

The philosophy used in determining the SCR model parameters was to

find a set of parameters that give approximately the same performance for

both the model and the SCR . This set of parameters is not unique since in

cases where a parameter is not critical and could not be determined experi-

mentally , values were arbitrarily assigned based upon theory , experience ,

and common sense. Whenever possible , arbitrarily assigned parameter

values were made identical in each of the four SCR models.

5.1 Selection of R3, P4 , CG , C,~~~ and C~

The resistors R3 and R4 in shunt with JC and JA respectively have

little practical significance but are required in order to obtain initial

conditions solutions with the SCEPTRE program . These were selected as

follows for each of the SCR models.

R 3 - 1E7~2

R4 lE7~
Similarly, the capacitor CG and the constant portions of CA and CC

(C
~ 

and C
~~
) have no practical significance but are required to avoid

computational delays with the SCEPTRE program . These were selected as

follows for each of the four SCR models.
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CC = lE—lOf

C = 1E—9f

C C 1E—9ftc
These parameters were selected so that they have negligible effect

on the SCR model performance on the one hand and integration routine step

size on the other.

5 .2 De termin at ion of RS and R2

The resistance RS between the gate and cathode terminals due to the

shorted emitter construction was determined by applying reverse bias volt-

ages (below the breakdown value) to the gate—cathode terminals and measur-

ing the resultant current . SCR model values of RS range from a low of l5~2

for the C354A to a high of 33~ for the 125PM. The selection of R2 = 1K

for each of the SCR models is somewhat arbitrary . This resistance is re-

quired in order to obtain initial condition solutions with the SCEPTRE

program . It should be selected large enough that the current through it

is negligible in comparison with the anode hold ing current (less than Ima)

when the SCR is on. It must also be large in comparison with RS.

5.3 Selection of I , I , I , 8 , 8 , and 8
cs as ks a c k

The selection of the parameters , I , I , I , 0 , 8 , and 8 for the
as cs ks a c k

three back to back d iodes in the SCR model is not critical. Theoretically

for a junction with one dimensional current flow , ~ 
C 39V 1 at room temper-

ature if there is no charge carrier recombination in the depletion layer

region . However , because of charge carrier recombination in silicon junc-

tions , 0 may be as low as 19.5V 1 at room temperature . In general , junc—

tions with low breakdown voltages tend to have values of 0 close to the

theoretical maximum (e.g., the emitter base Junction in a transistor).

This is because low breakdown voltage implies narrow depletion l ayer regions

which implies few charge carrier recombinations. On the other hand junc—

tions with high breakdown voltage tend to have values of 8 cb s-’ to the

theoretical minimum. For the case of the SCR , both the anode and collector
V junctions have extremely high breakdown voltages whereas the cathode junc-

tion has a relatively low breakdown voltage . Therefore , the following

values were selected for 6 , 6 , and 6 for each of the four SCR models.a c k
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0 = 0 = 20V 1

= 3OV~~
An addit ional practical consideration in the selection of these values

is the fact that convergence problems in initial condition solutions are

less severe with the smaller values of 0

Fcr each of the four SCR models the values of I and I were selectedas CS

to give a voltage drop of .805V across the anode and collector junctions

with la of forward current. The value of ‘ks was selected to give a voltage

drop of 843V across the cathode junction with la of forward current. These

values are as follows .

I = I = lE—/a
as CS

I = 1E—liaks
A major consideration in the selection of I and I is the fact tha i. ,

as Cs
theoretically , the reverse saturation current should be less than the

measured low reverse voltage leakage Current in a silicon junction . The

measured leakage currents between the anode and gate with 1 volt of bias

(both polarities) were typically approximately twice the values ssVlected

for I and for the devices tested . Theoretically, the reverse satu—as cs
ration current is proportional to the cross sectional area of the junction.

Since all of the devices modeled have approximately the same cross sectional

j unc t ion areas , the values of I and I are iden tical in all four SCRas cs
models. However , these values shou ld be made smaller ( l a rg er)  fo r  a small er
(larger) geometry device.

5.4 Determination of JC

The forward volt—ampere characteristics of the non—linear gate resis-

tance represented by the current source JG in the SCR model are determined

from measurements of the SCR open circuit forward input characteristics

(V gk vs ‘g 
with T

a 0). Wi th thE anode open circuited and neglecting R2 ,

the static model for the SCR can be simp lified to that shown in Figure 5.1.
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Vc~

dG~

x .

Figure 5.1: Static SCR Model with ‘a 
= 0.

Apply ing KCL , KVL , and the diode equation to this circuit gives ,

JG = 1
g 

— = JK (5—1)

VCK = 
~~ 

ln ( 5—2)
k ks

VCG = Vgk 
— VCK (5—3)

Thus for each set of V
gk 

vs ‘g 
values , the corr espond ing set of VCG

vs JG values can be calculated from these equations .

The reverse volt—ampere characteristics for JG are determined from the

V vs I characteristics with the SCR turned on and I = 0. For this case ,
gk a g
the simplified static SCR model shown in Figure 5.2 is applicable (neglect-

ing R2). The equations for this circuit are ,

yc c,

N—
3 I~~- O  

~3c7

_ _ _ _ _ _ _ _  

dK~~
_ VCK

/(~~~~~~

Figure 5.2

JG C (5—4)
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• (I + JG)
VCK — 

~j — ln a 
(5—5)

k ks

VCG — V
gk

_ VCK (5—3)

Thus for each set of Vgk vs I values , the correspond ing VCG vs JG

values can be calculated from these equations . Both the forward and

reverse volt—ampere characteristics are entered in DIODE TABLE 1 in the

SCR model.

5.5 Determination of and a2 Values

Because of the fact that it is virtually impossible to isolate the

individual effects of a
1 

and a
2
, for convenience these two parameters are

assumed to be identical functions of JK and JA respectively in the SCR

mod e l . Th is makes it possible to use the same tabular data (TABLE 4 I n the
SCR model) for both current gains . This does not imply that a

1 
= a2 unless

JK = JA.

5.5.1 Anode Latching Current Values of ct
1
and a

2

The values of a
1 and a2 required to obtain the correct anode latching

current were determined as follows . At the threshold of latch—in , JC = 0.

Also , with JG > 0, a
3 

= 0. Apply ing KCL to the SCR model with these con-

ditions gives ,

‘a (latch—in) = JA = ci.1JK +ct2JA

JC + JA = JK

Combining these two equations gives ,

= l-u~-a2 
(5-6)

In order for the SCR to remain on (latched—in) when the gate signal

is reduced to the point where JG 0, the denominator in Eq. (5—5) must

be equal to zero. Thus at the threshold of latch—in ,

a
1

+ a 2 - l

Since JA JK with JG C 0, a
1 

— a
2 

0.5 at the latch—in Current.
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5.5 .2 Low Current Values of a1 and cz
2

A t every curren t level below the la tching curren t , the sum , a1 
+ a2 ,

must be less than unity in order to maintain the SCR in its off state when

(Z
3 

= 0. At very low curren t levels , -3- a
2 

will normally be much less
than unity. In the SCR models a

1 
and a

2 
were arbitrarily set equal to 0.2

at current levels below Olma . These values have virtually no effect on

the SCR performance.

In addition to the very low current data point and the latching current

data point , intermediate current values of a1 
and a

2 
are req uired to insure

that the SCR has the correct turn—on gate current . Apply ing KCL to the

gate node of the SCR model at the threshold of turn—on ,

(turn—on) = —
~~~~~ (turn—on) + JG (turn—on) (5—7)

Note that most of the turn—on gate current is shunted through 1~ and

this portion of ‘g 
(turn—on) is not a function of a1 and a2.

If VCC < 0, JC = 0 and neglecting the current in R2 , JA , JK , and JG

are related by,

a JG
J A =  = JK - J G = I  (5—8)lcE 1 a2 a

In the low current range a1 and a
2 
are monotonically increasing

func tions of the currents JA and JK respectively, and the JG vs JA charac-

teristic Eq. (5—8) has a maximum point where dJC/dJA 0. Theoretically ,

the turn on value of JG is the value of JG at this maximum point . If JG

is increased beyond this value the SCR cannot remain in its off state.

The value of JA at this maximum point is determined experimentally by

monitoring the value of anode current just before complete turn on of the

SCR occurs. Using this value of JA and the value of JG (turn on) from

Eq. (5—7) in Eq. (5—8) gives an equation for the turn on values of a1 
and

a2
.

For intermediate data points from the anode turn—on current level to

the latch—in current level and also below the turn—on current level, the

values of a
1 and a2 must satisfy the inequality .
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(1—a
1
—a

2)JG (turn-on) 
~~~~~~ a 

JA
1

5.5.3 High Current Values of a
1 
and a

2

At every current level between the latching current level and the maxi-

mum surge current rating of the SCR , the sum, a1 + a
2 

mus t be grea ter than
unity in order to maintain the SCR in its on state. This condition also

insures that the SCR will turn itself on if the anode current is greater

than the latching current values when the gate pulse is removed .

In addition to the above requirement , the sum a1 + a
2 
must be less

than 2 — a
3 
because of physical considerations . Also , from physical con-

siderations , both a
1 
and a

2 must be monotonically increasing functions of

JX and JA respectively from the latching current out to some peak point

current and monotonically decreasing functions thereafter.

Beyond these requirements , there is very little basis for selecting

the high current values of a
1 
and a2. These parameters have virtually no

effect on the spreading time or turn—off time in the SCR model. While

they do affect the rise time portion of the turn—on transient , this effect

is obscured by the effects of K
d 

and K
dk . Initially the high current

values of a1 and a2 were arbitrarily selected based upon past experience

with low power SCR ’s. These values were then adjusted after K
da 

and Kdk
were selected to give a better fit for the SCR high current rise time.

5.6 Anode Holding Current Value of

If the non—linear dependent current source a
3
*JA is not included in

the SCR model , the anode holding current and anode latching current would

be identical. In the SCR model a
3 

— 0 when JG > lma and is constant when

JG < 0 so that the SCR current gain is higher for this condition .

In the anode holding current test with either I 0 or V = 0,
g gk

JG is negative and the analysis of the SCR model is essentially the same

as for the latching current except that a
3 # 0. Thus at the anode holding

current level, the following condition must be satisfied .

a1 + a2 + a3 — 1
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The value of a
3 

can be calcula ted direc tly from this relationship
since the values of a1 and a2 at the anode holding current level can be

obtained from TABLE 4 in the SCR model.

5.7 Determination of a
1

If the SCR anode to cathode voltage is made negative when a positive

gate current is present, negative anode current will flow although this

will always be less than the gate current. This inverse mode of operation

is non—regenerative (i.e., as soon as the gate current is removed , the anode

current will go to zero) and should not occur in a normal circuit application .

However , it can occur in a circuit misapplication or an unusual application .

In order to simulate this effect , the dependent current source cE1*JC 
has

been retained in the SCR model. This component serves no other useful

purpose.

With the anode negative with respect to the cathode, JA = 0, and the

KCL equations for the SCR model are ,

V
J G = I  _ 1~5 (5—1)

g RS

I = a J Ca I

JG - a
1

JC + JK

(1—a
t

) JC a
1

JK

Combining these last 3 equations,

a c z  JG
I = (5—9)
a l—a

1
(l+ci

1)

For convenience, a
~ 

is assumed to be constant at low current levels.

Thus using the current level ‘g la, and measuring ‘a and Vgk~ 
JC is cal-

culated from Eq. (5—1) and is calculated from Eq. (5—9). Since inverse

current gain is not practical for gate current levels above the peak rated

gate current, a~ was arbitrarily set equal to zero at JC 10 amps for con—

venience in all of the SCR models.

5.8 Determination of RA, RB, and a5

The value of the series resistor RA was arbitrarily selected as .00O5f~
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to limit the current in the anode to cathode capacitors in the event that

a step input of voltage is applied across the anode—cathode terminals.

This value gives a voltage drop of only 0.5 volt across RA when I l000amps.

An expression for RB and a can be obtained from the anode to cathode

static on voltage with the gate open circuited . (Ig = 0). For this case,

both the current in R2 and JG ~ 0 and I I JK. The equations for the
a k

SCR model are,

V - VCI( - VCA + VCC - I RA
~~ 

ak a —10
JA(l—a )a

I1 awhere VCK = 
i

— 9~-n
k ks 

V

1 JAVCVA ~~— R-n
a as

1 JCVCC = ~— £n
C Cs

(1-ct + aa )
J A = I  ~~~~ i i

a l—cz~ct2

(a + ct +a —1)
Jc= I 1 2 3

a 1 — a 1a2

Thus, once the value of a (and the other static parameters) has been

selected , values for RB can be calculated from Eq. (5—10) at each Vak VS ‘a
data point . These values are entered in TABLE 6 as a function of VCA. At

current levels below the anode holding curren t , the SCR cannot be in its on

state and the values of RB are assumed to be constant in this region.

Eq. (5—10) indicates that at a particular value of JA ,RB is inversely

proportional to the value of ct selected . This may be expressed as,

RB — K.D/ ( l
~

a )

Substituting this expression into Eq. (2—14) for the breakpoint anode

current gives ,
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V - VCA - VCK
— aa

a Kb 
____________R L + RA +

1
—~ ~

1 l + K  /0 T~~a da a x

This equation indicates that the breakpoint value of the anode current

is a strong function of a and this must be the major consideration in the

selection of In general , the value of the breakpoint anode current in-

creases as a
a 
decreases . Although it is possible to select the model para-

meter values to obtain an exact fit for the breakpoint in the 1000 amp

turn—on transient response, when this is done the breakpoints in the turn—

on transients response at lower current levels are somewhat high and some

compromise must be made. A better fit over several decades of current

might be obtained if both RB and ct
a 
were nonlinear functions of current ,

but this would complicate an already complicated data reduction procedure .

Another major consideration in the selection of cta 
is the spreading

time constant T .  If a is too small, the corresponding values of RB from

Eq. (5—10) may be so small that unusually large values of CB are required

to satisfy Eq. (2—11) for r .

A third consideration in the selection of a is the turn off time. If

tE
a is too large (e.g., 

a > .99), the corresponding values of RB may be so

large that they adversely affect the turn off time. This effect is not

completely understood at this time.

It is obvious from the above considerations that the selection of

is not completely arbitrary . A compromise value of aa = 0.98 was selected

for all four SCR models. This value was obtained largely through trial

and error.

5.9 Determination of CB

The values of CB are determined from the slope of the turn on tran—

scient in the spreading time region . If this slope Is measured at an anode

current I , then from the analysis in Section 2.3,
80

I — I — (I — I ) (5—12)a af af ao

where is given by Eq. (2—11) and 
~~~ 

is the projected final value of

‘a 
(i.e., the final value of I if RB were a constant). Mathematically ,
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V — vaa oLaf RL + RA + RB (1-a ) 
-

o a

where RB = value of RB @ I = Io a ao
and V = VCA + VCK - VCC

In Eq (5—12), ~ = ‘ao ~ t = 0 and taking the derivative of this

equation at t — 0 gives

dl (I — I  )a af ao
= I 

— 
T 

= Slope 
~ = 

(5—14)
a ao 5 a ao

Thus T can be calculated from Eq. (5—14) and the corresponding value

of CE @ I = I is from Eq. (2—11)
0 a ao

1-a
CB0 — T [ + RL+RA - (5—15)

The values of CB are entered in TABLE 5 of the SCR model as a function

of VCA . Since I JA in the spreading time region , the value of VCA at

I = I is given by,a ao
I1 aoVCA ~— 9~n ( j— )

The low current values of CB were arbitrarily set at 1E—9f in each

of the SCR models.

5.10 Determination of K , K and Cda dk tk

The values of Kd ,  Kdk and Ctk are determined from an iteration process

to obtain good correlation between the measured and computer simulated turn

on delay , rise time and breakpoint between the rise time and spreading time

intervals. The initial values of these parameters used in this iteration

process are:

K = 1E—6da
Kdk 

= 1E—7

Ctk = lE—9

Using these values, the computer simulated turn on transient is obtained

over three decades of anode current with a gate current pulse which is large

compared to the turn on gate current . The values of Kda and Kdk are then

adjusted to improve the correlation between the computer simulated and

— ~—~- -4~. ~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~ — V~~~~~ _~~~._



measured turn on transient and the process is repeated until a good fit is

obtained .

In general , increasing (decreasing) the ratio Kd 
/Kdk lowers (raises)

the breakpoint whereas increasing (decreasing) either Kda 
or K

dk 
increases

(decreases) both the turn on delay and the rise time . For most of the SCR ’s

modeled the maximum values of Kda and Kdk were limited by the turn on delay.

However , for the case where the maximum values of Kda and Kdk 
are limited by

the rise time (e.g., the 1527 SCR), Ctk is increased to obtain the correct

turn on delay since this parameter does not affect the rise time .

For the case where the maximum values of K and K are limited byda dk
the turn on delay , the value of Ctk must remain small and as long as the

gate current is much greater than the turn on gate current , it will not make

a significant contribution to the turn on delay . However , if the gate

current is reduced to a level slightly greater than the turn on value , Ctk
can be adjusted to give a better fit f o r  the resultant turn on delay .

5.11 Determination of K

After all of the other SCR model parameters have been selected , the

value of Kdc is determined from an iteration process to give the correct

computer simulated turn off time. The initial value used in this iteration

process is Kdc = 1E—6 . Increasing (decreasing) K
d 

causes the turn off

time to increase (decrease).
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6.0 APPENDIX - HIGH POWER SCR CADA IMPROVEMENTS

1. INTRODUCTION

This report describes the progress made during the spring and summer

quarters of 1977 in our effort to extend and improve the state—of—the—art

in high power SCR circuit modeling. Although one of our tasks is to develop

a computer model for the IRC 420 PM SCR, this is not yet complete. Since

this device is larger and has much higher current capability than other

SCR’s which we have previously modeled , we have been forced to concentrate

our efforts on extending the current range of and improving our turn—on

transient and turn—off tests. In addition , we have found that some of the

philosophies we have held in the past need to be re—examined and improved .

Some of the major problem areas that we have investigated are outlined below .

More detailed discussions of these problems are covered in later sections of

this report.

1.1 dv/dt Turn On. In the past we have not carefully set the dv/dt

turn—on effects in our SCR models. Unfortunately, this has led to problems

in certain circuit applications. Consequently , we have revised the appropriate

model parameters for the C354A, C358E, 125PM, and T527 SCR ’s to incorporate a

dv/dt turn—on of approximately 200V/psec for each of these devices. (the

worst case spec. value.)

1.2 Turn—on Transient. One of the assumptions that we have held in the

past is that inductive effects in our turn—on transient test are negligible.

Detailed analysis of this problem reveals that this is not valid for the

1000 amp turn—on transient. As a result , we have changed the mechanical con-

figuration of our turn—on transient test set—up to eliminate all cables and

minimize circuit inductance. Preliminary test results with the revised set-

up indicate that the 1000 amp spreading time for a typical device is only

about half of that indicated from previous measurements.

1.3 Turn—off Test. In the past, our SCR turn—off test set—up has not

been optimum. Because of hardware limitations, we had been unable to reliably

‘- urn off a device conducting more than about 10 amps of current. Recently ,

we have extended the current range of this test to 150 amps. However, other

problems ~‘ui t be resolved before we can extend the current range beyond this

value .
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2. dv/dt TURN—ON SC~~~~~~~~3DEIV REVISiONS

The revised SCEPTRE rnod~ 1 listings for the C354A , C358E, 125PM , and

T527 SCR’s are shown in Figs. 2.1 through 2.4 respectively. The SCR model

confi guration is shown in Fig. 2.5. These revisions have been made to in-

corporate a dv/dt turn—on of approximately 200V/psec. (The worst case spec.

value) for each of these devices. These revisions have been made with only

minor changes to the SCR model circuit configuration and without signif-

icantly altering the other important performance characteristics of the

SCR model (i.e., holding current , turn—on gate current and voltage , etc.)

Previously , we had not accurately included dv/dt turn—on effects in

determining the SCR model parameters . However, because of certain unusual

circuit applications , it will be included in all future SCR models.

2.1 SCR dvfdt Turn—on Test Simulation. We do not have an experimental

test set up for measuring dv/dt turn—on in an individual SCR , and it is

extremely doubtful whether such a test on one or two devices would be

significant. Since large variations in dv/dt turn—on can be expected from

one device to the next , a worst case value is more appropriate than a

measured value. Therefore, we have established the worst case spec value of

200Vhisec. under worst case test conditions as the criteria for our computer

simulation of dv/dt turn on in an SCR. Worst case test conditions imply that ;

(a) the SCR gate is open circuited , and

(b) the anode voltage rises linearly from 0 to the peak off state

voltage at the prescribed dv/dt rate. The anode voltage

then remains at the peak off state value until the transient

decays.

The latter criteria is necessary since it is obvious that dv/dt turn—

on is dependent on the amount of time that the dv/dt rate is applied to the

anode. Also, because of time delays in the SCR, turn—on may not occur until

after the anode voltage has stopped rising. The appropriate SCR model

parameters are selected so that turn—on does not occur with a dv/dt rate of

l75Vhisec . but does occur with a dv/dt rate of 225Vhisec. Turn—on at

200V/iisec . 1r~ optional since this is the worst case threshold .
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MODEL C354A (PERM) (C-A-K)
SUPPLIED BY UNIVERSITY OF SOUTh FLORI DA ,TAMPA ,FLOR IDA , 1975
TWO DI MEN SIONAL HI GH CURRENT SCR MODEL REVISED JULY 1977
UNITS: VOLTS OHJ.IS AMPS FARADS HENRIES SECONDS
ELEME NTS
JA ,3-2=DIODE Q(1E-7,20)
JC ,l- 2=DIODE Q(1E-.7,20)
JK ,1-K=DIODE Q(1E-11 ,30)
JG ,G-1=DIODE TABLE 1
JH ,2-1=TABLE 2(JG)+JK
JI ,2-4=TABLE 3(JC)*JC
JM , 2-1=TABLE 4(JK)*JK
JN 2-1=TABLE 4(JA)*JA
JP ,4_3= .98 *JA
RS ,G-K= 15 .5
R2 , 1-K=500
R3 ,2-1=1E7
R4 ,3-2=1E7
RA ,A-4=0. 0005
RB ,4-3=TABLE 6 (VCA)
CA ,3-2=Q1 (2. 2E-6,JA , 1 .OE-7 , 1.OE-9)
CB ,4-3=TABLE 5 (VCA)
CC, 1-2=Q1(2 . OE-6,JC, 1E-7,2. 5E-11)
CK , 1-K=Q1 (2.OE-7 ,JK , 1 .OE-1l , 1E-8)
CG ,G- 1=LOE- 11
CS ,4-K=1E-9
OUTPUTS
VCC , IRA ,PLOT
VAC , VCK ,VRS (VGK),JA ,JG ,IRS ,IRB
FUNCTI ONS
Qi (A ,B,C,D)=(A*(B+C)+D)
DIODE TABLE 1
-1O ,-O. 1 , -0.8,-.002, 0,0, .4,.O04, 0.8,0.1, 1.5,0.38, 2,0.85
TABLE 2
- .1 ,.05, 0,.05, .001,0, 1 ,0
TABLE 3
O,.1S , 1 ,.15 , 100,.075, 1000,.075
TABLE 4
1E-6 , .2 , 1E-5 ,.2, .OO.,.4 , .01 ,.45, .075,.49, .4,.5, 1,.6O,
1O,.60, 100,.55, SOO ,.52, 1E3,.52
TABLE 5
0,IE-9, .70,1E-9, 0.8,1.5E-8, O.85,1E07, O.9,7E-7, 0.95,5E-6, 1,3.5E-5
1.1 ,2.6E—4, 1.2,1.25E—3 , 1.3,1.25E—3
TABLE 6
0,300, 0.65,300, 0.7,150, 0.75,50, 0.8,18, 0.85,6, 0.9,2, 0.95,0.7,
1 ,0.2, 1.05,0.10, 1.1 ,.075, 1.2.,OS , 1.3.,05

Fig. 2.1

*
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MODEL C358E (PERN) (G-A -K)
SUPPLIED BY UN IVE RSITY OF SOUTH FLORIDA ,TAMPA,FLORIDA
TWO DIMENSIONAL HIGH CURRENT SCR MODEL REVISED JULY , 1977
UNITS : VOLTS OHMS AMPS FARADS HENRIE S SECONDS
ELEMENT S
JA ,3-2=DIODE Q(1E-7,20)
JC ,l-2=DIODE Q(1E-7,20)
JK , I -K=DIODE Q(1E-ll ,30)
JG ,G- 1=DIODE TABLE 1
JH ,2-1=TABLE 2(JG)*JK
JI ,2V~4=TABLE 3(JC)*JC
JM , 2-1=TABLE 4(JK)*JK
JN ,2-l=TABLE 4(JA)*JA
JP ,4_3= .98*JA
RS ,G-K=30
R2 , 1-K=800
R3 ,2-l=1E7
R4 , 3-2=1E7
RA,A-4= .0005
RB ,4-3=TABLE 6(VCA)
CA , 3-2=Ql(2. OE-6,JA , 1. OE-7, 1E-9)
CB ,4-3=TABLE 5 (VCA)
CC , 1-2=Q1(5.OE-6,JC , 1.OE-7, 1.8E-1l)
CK , 1-K=Q1(l.OE-7 ,JK , 1E-l1 ,1E-8)
CG ,G-1=1.OE-11
CS ,4-K=1E-9
DEFINED PARAMETERS
PVA=X1 (VRA+VRB ÷VCA-VCC-’-VCK)
OUTPUTS
VCC, IRA , PVA (VC358E) ,PLOT
VCA,VCK ,VRS (VGK) ,JA,JG, IRS , IRB ,PLOT
P VA , P LOT
FUNCTIONS
Qi , (A,B,C,D)=(A*(B+C)+D)
DIODE TABLE 1
-10,-.1, -0.8,-.002, 0,0, O.4,.002, .65,.01, 0.9,.04, 1.3,.125, 1.8,0.4.
2.5,0.9
TABLE 2
- .1,.05, 0,.05 , .001,0, 1,0
TABLE 3
0, .06 , 1.,06, lOO , .03, l000 , .03
TABLE 4
1E-6, .2 , 1E-5,.2, .001 , .4O , .01 , .4 5 , 05 , .49 , .18 , .5 , O. 5 , .55
1.0,.60, 10,.60, 100,.55, 500,.52, 1E3,.52
TABLE 5
O,1E-9 , .65,1E-9 , O.8,l.OE-8, O.85,8E-8, O.9,6.OE-7, 0.95,4E-6, l,3.OE-S
1.1,1.2E—4 , l.2,1E—3 , 1.3,1E— 3

V TABLE 6
0,400 , 0.65,400 , 0 .7 ,200 , 0.75 ,72 , 0.8 ,27 , 0.85 ,9, 0.9,3, 0.95 ,1 ,
1,0.4, 1.05,0.16, 1.1,.12, 1.2,.06, 2,.06

Fig. 2.2
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MODEL 125PM (PERN) (C-A-K)
TWO DIMENSIONAL HIGH CURRENT SCR MODEL REVISED JULY , 1977
UNITS: VOLTS,OHMS,AMPS, FARADS ,HEN R IE S,SECONDS
ELEME NTS
JA ,3-2=DIODE Q(1E-7,20)
JO ,1-2=DIODE Q(1E-7,20)
JK ,1-K=DIODE Q(1E-11 ,30)
JG ,G-1=DIODE TABLE I
JH ,2-1=TABLE 2(JG)*JK
JI ,2-4=TABLE 3(JC)*JC
JM ,2-1=TABLE 4(JK)*JK
JN ,2-1=TABLE 4(JA)*JA
JP ,4_ 3= .98*JA
RS ,G-K=35
R2 ,l-K=600
R3 ,2-1=1E7
R4 , 3-2=1E7
RA ,A-4= .0005
RB , 4-3=TABLE 6(VCA)
CA , 3-2=Ql(SE--6,JC , 1E-7, 1E-9)
CB ,4-3=TABLE 5(VCA)
CC , l-2=Q1 (5E—6,JC , 1E—7 , 1E—li)
CK , 1-K=Q1(1E-7 ,JK , 1 -li , 1E-9)
CG ,G-1=IE-11
CS , 4-K=1E-9
OUTPUTS
VCC, IRA ,PLOT
VAC,VCK,VRS(VGK) ,JA ,JG , IRS , IRS
FUNCT IONS
Q1(A, B,C,D)=(AI(B+C)÷D)
DIODE TABLE 1
—10,— .1 , — .8,— .001, 0,0, .3,.00l , .7 , .01, 1,.02, I ,.11 , 2.6 ,.28, 6,.8
TABLE 2
-1 ,.03, 0,.03, .001,0, 1,0
TABLE 3
0,.14 , 1,.14 , 10,.I , 1000 ,.1
TABLE 4
1E-6,.2, 1E-S ,.2, .001,.45, .01,.48, .O5 ,.495, .11 ,.5, .3,.55, 1,.6,
10,.6, 100,.55, 1E3 , .52 , 1E4 ..5, 2E4 ,.5
TABLE 5
0,lE— 9, .7,1E-9, .8,1E-8, .85,5E-8, .9,4E—7 , .95,3E-6, 1,1.2E-5 ,
l . l ,1E—4 , 1.2,1E—3
TABLE 6
~.400, .65,400, .7,250, .75,100, .8,38, .85,12, .9,4.5, 1,.65,
1 0 5 , . 2 4, 1.1,. 12, 1.2,.06, 1.3,.06

Fig. 2.3
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MODEL 1527 (PER M ) (G-A-K)
SUPPLIED BY UN IVERSITY OF SOUTH FLORIDA
2 DIMENSIONAL HIGH CURRENT SCR MODEL REVISED AUGUST 1977
ELEMENTS
JA ,3-2=DIODE Q(1E-7,2O)
JC ,1-2=DIODE Q(1-E7,20)
JK ,1-K=DIODE Q(1E-11,30)
JG ,G-1=DIODE TABLE 1
JH, 2- 1=TABLE2(JG)*JK
JI , 2_ 4=TABLE3(JC)*JC
J~ , 2- 1=TABLE4 (JK) *JKJN , 2- 1=TABLE4 (JA) *JA
JP ,4_3= .98*JA
RS ,G-K=18
R2 , 1--K=500
R3, 2-1=1E7
R4 , 3-2=1E7
RA,A-4=. 0005
RB , 4-3=TABLE 6(VCA)
CA , 3-2=Q1 (4. SE-6,JA , 1E-7, lE-9)
CB ,4-3=TABLE 5(VCA)
CC , 1-2=Q1 (1E-6 ,JC , 1E-7, 1 .55E-10)
CK , 1-K=Q1 (4E-7,JK , 1E-11 ,lE-7)
CG ,G-1=1E-1l
CS ,4-K=1E-9
OUTPUTS
VCC , IRA , PLOT
VCA ,VCK ,VRS(VG K) ,JA ,JG , IRS , IR S
FUNCTI ONS

(A , B,C,D)=(A*(B+C)+D)
DIODE TABLE 1
-10,— .1, — .8,— .O02 , 0,0, .5 ,.002, .7,.01, .9, .04 , 1.3 ,.125,
1.8,.4, 2.3 ,.9
TABLE 2
— .l ,.12 , 0, .12 , .001,0, 1,0
TABLE 3
0,0.1 , 1, .1 , 100, .05, 1000, .05
TABLE 4
1E-6 ,.2, lE—S ,.2, .OO1 , 35 , .07,.4, .14 ,.45 , .25 , .5 , l,.55 ,
10,158, lOO ,.53, 1E3 ,.53
TABLE 5
O,1E-9, .6,1E09, .8,1E-8, .85 ,5E-8, .9,2E-7, .95 ,2E-6,
1,1E-5 , 1.1 ,1E— 4 , 1.2 ,1E—3
TABLE 6
0,500 , .6,500 , .7,400 , .75,150, .8,50 , .85,15, .9,5, .95 ,1.5 ,
1 ,.75, 1.OS ,.3, 1.1 ,.14 , 1.2 ,.06, 2,.06

Fig. 2.4
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311 = CA = Cta + Kd *JA

JN = a
2
(JA)*JA CC = C + Kd *JC

JH = a
3
(JG)*JK CK = C

tk + Kdk*JK
JP = ~ *JA

JI = cz
1(JC)*JC

CB = f
2

(VCA )

Fig. 2.5 SCEPTRE SCR Model
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2.2 SCR dv/dt Turn—on Mechanism. The mechanism for dv/dt turn—on

in an 5CR can be explained in terms of the simplified “of f state” SCR

model shown in Fig. ‘.6. This simplified model assumes that the center

junction of the SCR is reverse biased and has a junction capacitcance,

C~~ . The bulk resistances outside of the gate—cathode region are also

neglected in this model. In the forward off—state , almost all of the anode—

cathode voltage appears across the center junction since the other two

junctions are forward biased. If the anode—cathode voltage rises at a rate

dv/dt , the current in the capacitor , C~~, ~~~~ ,

~ 
dv

c tc dt

t’l

J~~~

ZG I I
dG 

~~~~~~~~~~ C~ ( ) 
~~~~ 

()
G 

~ 
_ _ _ _ _ _

Fig. 2.6 Simplified “off—state” SCR Model
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Since a portion of this current flows into the cathode junction

(represented by current source, 3K) ,  it can cause turn on in the same

manner as a current which is injected into the cathode junction from

the gate. From this discussion, it is obvious that dv/dt turn on is

pr imarily dependent on the value of ~~~ in the SCR model. The larger

the value of this capacitor, the lower the dv/dt turn—on value.

Other SCR model parameters which affect dv/dt turn—on are the low

current values of and since these determine the turn—on gate (and

cathode) current for the device.

Also, since the portion of the current I
C 
that flows into R2 and the

reverse biased nonlinear gate resistance JG is not effective in turning

the device on, the smaller the values of these resistances, the higher the

dv/dt turn—on value. (but also the lower the value of the holding Current.)

Finally, if the constant portion of the cathode capacitance, Ctk, is
very large, the time delay required to charge up this capacitor to the

cathode junction threshold voltage may be greater than the duration of the

dv/dt transient. If this is the case, dv/dt turn—on will not occur even if

IC is greater than that required for turn—on .

The values of ~~~ required to obtain the correct dv/dt turn—on in the

revised SCR models are generally much smaller than the measured anode to

gate off state capacitances for the devices (typically 1000 pf). This is

because much of this capacitance is shorted to the cathode because of the

shorted emitter construction or is due to stray capacitance (e.g., case to

cathode, between heat sinks), and therefore is not effective in dv/dt turn—

on. To account for this effect an additional capacitor CS = lE—9 has been

added to each of the revised SCR models between nodes 4 and K.

3. SCR TURN-ON TRANSIENT TEST

As SCR ’s are operated at higher and higher currents, ultimately the

speed and waveshape of the SCR turn—on transient will be determined by the

inductance in the circuit rather than the SCR characteristics. One of the

assumptions that we have held in the past is that inductive effects in our

turn—on transient test are negligible. We have re—examined this problem
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from three different viewpoints; experimentally, mathematically, and using

computer simulations. This section outlines the results of this study.

3.1 Effect of Inductance on SCR Turn—On Transient. The schematic of

the test set up for measuring the SCR turn—on transient is shown in Fig. 3.1.

In this circuit , a large capacitor bank C is initially charged up to the

supply voltage V by momentarily closing switch Si. Then the SCR is triggered

into conduction while the load voltage waveform is monitored with the scope

connected directly across the load resistor.

1-
~~

’i-
~~ 

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~I 
j , 

_ _ _  

Trigger

To Scope

Fig. 3.1 Turn—on Transient Test Set Up.

The test set up of Fig. 3.1 can be analyzed by using the circuit model

shown in Fig. 3.2. In this circuit, LL 
and R~ are the inductance and

resistance of the load resistor respectively. (Note that although non—

inductively wound resistors typically have an order of magnitude less in—

ductance than ordinary resistors, this is still not negligible at high

currents.) The capacitor bank C is modeled as a voltage source V in series

with its equivalent series resistance and inductance. The latter effects

are included in Ra and La along with the resistance and inductance of any
connecting cable and bus bar. The SCR switching speed is assumed to be very

fast in comparison to the L/R time constant of the circuit , so that it can

be modeled as an ideal switch which closes instantaneously after a time delay

t .
U
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~~
~w-~~m

Fig. 3.2 Model for Turn—on Transient Test.

Straightforward analysis of the circuit of Fig. 3.2 reveals that after

time t t
o, the current and load voltage are given by,

i(t) V (1 — c~~
(t_t o)/

~) (3—1)

v
0
(t) = v~~ (1 — 

R(t t0)/ L
) + LL 

vc
(t_t o)~~ (3—2)

where R R + R L

L L  + La L

A plot of Eq. (3—2) with Ra 0 and L
a 

= L
L 
is shown in Fig. 3.3. Note

that except for the sharp rise time (a consequence of modeling the SCR as an

ideal switch), the waveform is very close to a typical measured SCR turn—on

transient (shown by dashed lines).

Fig. 3.3 Plot of Eq. (3—2) :ith R
a — 0 and L

a 
— L

L

- 
V 

- 
. 

-~~~~~~~ —



The measured inductances of the .01 and 0.1 ohm resistors used in the

1000 amp and 100 amp turn—on transient tests are in the range 0.2 to 0.3 ph.

By comparison , the self inductance of a round straight conductor 1 foot long

and 1/2 inch in diameter is approximately 0.2 ph. It is extremely difficult

to make accurate direct measurements of inductances of this size. However ,

using values of L
a 

= LL = 0.25 ph in the circuit of Fig. 3.2, the L/R time

constants for the 1000 amp and 100 amp turn—on test are 50 psec and 5 psec

respectively.

Since it takes abou t 4 time constants for a transient to die ou t , the

total 1000 amp turn—on transient would be approximately 200 psec long if it
were inductance limited . This is the same as the apparent measured 1000 amp

turn—on transient time for all of the devices modeled thus far.

In order to verify that the previously measured 1000 amp turn—on

transients were inductance limited, the mechanical configuration of the test

set—up was completely revamped to minimize circuit inductance . All cables and

bus bars were eliminated by connecting the SC~,. heat sink and load directly to
one end of the parallel aluminum plates of the capacitor bank. The L/R time

constant of the circuit was further reduced by increasing the values of the

load resistance from .01 to .02 ohD~; and the supply voltage from 15 to 25

volts. A short length of stainless steel stock approximately 1/2 inch wide

and 6 inches long was used as the load resistor. With this revised test set-

up, the total 1000 amp turn on transient for the IRC 420 PM SCR was approx-

imately 100 psec long,a reduction cy a factor of two over that previously

measured .

Although 1000 amp turn—on transient tests with the new test set—up have

not been performed with the other four devices modeled, the results obtained

with the 420 PM SCR indicate that the spreading times for these devices are

probably less than that previously measured by at least a factor of two,

also. In terms of the 5CR model , this means that the high current values of

CB should be reduced for these devices. These changes will be made as time

permits.
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The problem with the new 1000 amp turn—on transient test set—up is that

the circuit inductances have been reduced to an immeasurable but not

necessarily negligible amount. This is not considered to be a serious

problem from an SCR modeling standpoint since in a practical circuit

application , the circuit inductance would almost surely be greater than that

in the test set—up and a 1000 amp turn—on transient would be more dependent

on the circuit inductances than the SCR characteristics. From this stand-

point it is extremely doubtful whether a meaningful 10,000 amp turn—on

transient test could ever be devised . It also means that the high current

SCR model parameters are not critical and a good estimate of all circuit

inductances is much more important to an accurate computer simulation.

Except for different load resistors, the new test set-up has also

been used to measure 10 amp and 100 amp SCR turn—on transients. These were

compared to those obtained previously with the old test set—up . Test re-

sults were verified by including inductances in the computer simulation of

these tests. The following conclusions can be drawn from this study.

(a) Circuit inductance does not have a significant effect on the

turn—on delay portion of the turn—on transient for any of the

tests because of the low current levels and di/dt values during

this interval.

(b) Circuit inductance does not have a significant effect on any portion

of the 10 amp turn—on transient. From an SCR modeling stand point

this test is probably more significant than the 1000 amp test since

it is almost wholly dependen t on the SCR characteristics.

(c) Circuit inductance does not have a significant effect on the

spreading time portion of the 100 amp turn—on transient but it

does affect the shape of the rise time portion because of the

relatively large di/dt values during this interval. The major

problem here is the inductance of the non—inductive load resistor

used in this test. At the present time we are considering the

possib i l ity of building a load resistor with smaller inductance

for t~~s test.
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~~~. SCR TURN-OFF TEST

As SCR ’s are opera ted a t higher and higher cur ren ts , ultimately
capaci tive turn—off will be limited by the equivalent series resistance

and inductance of the commutating capacitor (and its associated discharge

pa th). In the past we have been unable to reliably turn—off an SCR con-

ducting more than about 10 amps of current because of a lack of high

quality commu tating capacitors. To help overcome th is problem we have

recently purchased ten 20 pf pol ypropylene commutating capacitors. With

these capacitors we have been able to extend the current range of our turn-

o f f  tes t to 150 amps. This is enough to cover the steady state current

range of the C354A , C358E , 125PM , and T527 SCR ’s bu t no t enoug h to cover

that of the 420PM.

It is highly unlikely that we will be able to extend the current range

of the turn—off test beyond 150 amps in the near future. Our primary

l imi tation now is our hig h curren t DC power suppl y which has a maximum Out-

put capab ility of ISV and 200 amps. However , even if a higher current power

supply were available , a h igher current turn—off test would be meaning less

if it were primarily dependen t on the immeasurable ind uc tance of the

capaci tor discharge path rather than the SCR characteristics. For this

reason we will retain a turn—off test in the range 10 to 15 amps since this

is almost wholly dependen t on the SCR characteristics.

4.1 Effec t of Discharge Circuit Resistance on SCR Capacitive Turn—Off.

The simple circuit of Fig. 4.1 will be used to illustrate the effect of

the discharge circuit resistance on SCR capacitive turn—off. In this circuit ,

R5 is the total series resistance of the discharge path (including the

equivalent series resistance of the commutating capacitor. Inductive effects

are assumed to be negligible . Initially, the SCR is on and the capacitor C

~s d~urged to the supply voltage V (minus the SCR on voltage V0). At time ,

t — 0, Si is suddenly switched to ground to turn—off the SCR.
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4v-v0
V~ 

~~~~~~
~~~~~~~c 4

Fig. 4.1 Simple Turn—off Test Circuit

Apply ing KCL to the circuit at time t = 0+ and solving for the anode

voltage V ,

V (0+) - 
V(R L Rs) + + IaRLRs (4— 1)

Z RL+Rs RL+RS RL+RS

A necessary but not sufficient condition for SCR turn—off to occur is

that the anode voltage Va(0
+) is negative. Examination of Eq. (4—1) reveals

that this implies that R5 must be less than RL. Although the actual turn—off

test circuit is somewhat more complicated than that shown in Fig. 4.1, this

simple rule is still applicable. R8 must be less than RL 
in order for SCR

turn—off to occur , regardless of the size of the commutating capacitor.

4.2 SCR Turn—Off Test Circuit. The 150 amp turn—off test circuit shown

in Fig. 4.2 is that of an SCR flip flop. This is essentially the same as

that used previously for the lower current turn—off test. The major differ—

ences are the size of the components and the fact that parasitic effects

such as the series resistance of the discharge path and the inductances of

the load resistors are not negligible and must be included in the computer

simulation of this test.
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C

Fig. 4.2 SCR Flip Flop

Physically , the anode heat sinks of both SCR’s are connec ted directly

to opposite plates of the capacitor bank , and the ca thode hea t sinks are

cor’inec ted together to minimize the inductance of the discharge path.

Our future high power SCR modeling procedures will incorporate data

from both a 15 amp and a 150 amp turn—off test. This extension of the

curren t range , together with a more accurate computer simulation of the

turn—off test, should make the turn—off characteristics of future SCR

models more accurate.
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