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Abstract PSpice models for power semiconductor
switching devices, which include the gate turn-off
thyristor, the insulated gate bipolar transistor and the
mos-controlled thyristor, are presented. These models
are suitable for time domain circuit simulation
packages which incorporate bipolar transistor and
metal oxide semiconductor field effect transistor
models. The models presented are composite models,
being built-up from these two basic switching
components. Simulation, experimentation results and
parametric sensitivity analysis validate the in-circuit
performance of the proposed composite models.

The presented models are meant for applications
where circuit level simulated performance is of
primary importance, rather than accurate prediction of
device microscopic electrical characteristics.

INTRODUCTION

Power semiconductor models have been implemented
in general simulation packages [1]-[9] such as PSpice,
Saber and so on. Two methods to create a new device
model are normally used. The first one is to create a
model based on the power semiconductor physical
structure and equations, and this kind of model is
called the microscopic model. The second modelling
method is to construct a model from existing device
models, thereby creating a composite model, which
gives macroscopic properties. A composite model is
simpler to implement and more convenient for power
electronics engineers to use in circuit simulation, than
the microscopic equation model. This paper surveys
power device models, and shows how to construct any
new power semiconductor model, with the general
circuit simulator PSpice, by composite model building.
The insulated gate bipolar transistor (igbt), gate turn-
off (gto) thyristor and mosfet controlled thyristor (mct)
are presented as three examples of the composite
modelling method. Simulations, experimental results
and practical device data are given and compared.
Parametric sensitivity analysis is performed, and
validity of the composite macroscopic models is
discussed.

COMPOSITE MODELS

PSpice has models for basic power semiconductor

devices such as diodes, bipolar junction transistors
(bjt), and mosfets, which are based on their physical
structure and use the equivalent circuit method. But
there is no model, in PSpice, for the igbt, gto thyristor
or mct, which are newer, more complicated power
semiconductor switching devices. Composite models
can be created for these devices in PSpice.

Composite ighbt model

In view of device operational principles, the igbt is a
Darlington combination of an pnp bipolar junction
transistor (bjt) and an n-channel mosfet. The igbt
equivalent circuit, which is well known, is shown in
Fig.i(a), and it combines the input and output
characteristics of the mosfet and bjt respectively. The
related bjt and mosfet models and their parameter
definition can be found in (10)(11).

Table 1 is the result of the parametric sensitivity
analysis achieved with the proposed igbt model using
the multiple transient analysis capabilities of PSpice.
As expected, f; or 1, which are the main model
parameters affecting the magnitude and length of the
ight tail current at turn-off, are related to the long
average lifetime of holes in wide n-base and the high
injection efficiency of the pnp transistor emitter. A
large B, is unwanted in igbts, although it can speed up
ight turn-on, it deteriorates off-state voltage properties.
Another factor affecting model characteristics is gate
drive. A high performance igbt gate drive circuit is
needed to decrease the effect of igbt gate capacitance,
C,,, particularly with high voltage and current rated
ighbts.

Fig.2 shows output /-V characteristics of the igbt
composite model used in PSpice. Fig.3 gives a
comparison of the igbt transfer characteristics between
the model and practical device; BSMSOGB160D (12)
or similar (13)(14). Fig.4 shows ight circuit
simulation and experimental results, at turn-off. It is
seen in these dynamic waveforms, that tail current
properties are an inherent feature of the igbt model
(15). By adjustment of B, and t, the tail current
magnitude and its length can be varied to produce igbt
characteristics adopted by other manufactures.
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Fig.1 The composite models of the IGBT (left), GTO (middle) and MCT (right).
Table 1: 1GBT model parameter sensitivity analysis results
Turn-on Turn-off Steady state
I Values ty t, Pen tey t; il Ligir |3 Vo |-
Ly (nA) 20.0 - - - . 0 - T ) - A
R, (k) 1.0 A A A A il - - 1 - -
C,. (nF) 0.2 A 2 A s T 1 - 0 - -
Ry () 0.02 - - - - - - - - A -
Cy (pF) 1.0 0 A A ) - - - 0 - -
K, 7.6 ) { ) - 0 4 . - v .
Voo (V) 6.0 0 s & d v - 4 a -
I (nA) 4.0 - - - - - - - - - - A
R, (@) 0.03 - - - - - - - - A -
C,, (nF) 0.6 - - - ll \ - - - - y
Be 0.26 - - - * T a A a v T
T, (us) 33 - T T - - A - A 0 -
B, 0.44 - - - - - - - - - d
T (°C) 25.0 T 0 a \ 0 - - 0 A t
Note: av significant effect, T small effect, -- no effect.
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Fig.2 IGBT model output curve. Vo=V, IE(X1,Q01)=l,. Fig.3 IGBT transfer characteristic. T;<120°C.
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Table 2: GTO model parameter sensitivity analysis results

Turn-on Turn-off Steady state
a Values ty t, Pin toy t; Cait Lii | Pogr Von L. [P I
isp (DA) 1.0 - - - - - - . - - t -
Bre 0.33 - - a - T la i t v |v
Bee 1.2 - - - a { | - - - 1 - -
R, () 0.05 - - - - - - - N . -
Tep (U5) 14.0 - . - - - A - a § . s |-
Tep (UsS) 0.2 - - - A v - - 1 - - - -
Iow (NA) 15.0 - - - - - - - - A t v | v
Bex 110.0 - -4 (O R N IR ISR 2 \ T [+ |~
Bax 0.08 - - - - - - - - . { - |-
Ry (Q) 0.05 - - 1 . i _ X i 7 - T 7
Roy (mQ) 42 - i d - - - - A - .
Cion (NF) 22 - - . - . - - - - - - 1-
Cien (nF) 02 - - - 1 { - - - - - S
weo | 0 |t |- [t - - - - - - 1s -
Area o - [t [ - [ |- - e
T (C) 270 N I I - - (L ] |- ]!

Note: av significant effect, Tl small effect, -- no effect.
Subscripts: P refers to the p-n-p transistor, and N refers to the n-p-n transistor, of the GTO model.

Table 3. Basic GTO model and device characteristics. (T;=125°C unless otherwise stated)

Definition DGT224SE(max.) Model Simulation Conditions
‘V‘m V) On-state voltage. 23 2.29 | 1;7401(A), 15(on)=2.0(A).
I (mA) Off-state current. 25 23.0 Vpe=1300(V), Vi 5=2(V).
Ver (V) Gate trigger voltage. 09 0.89 | Vpe=24(V), 1;=103(A),
Igr (A) Gate trigger current. 1 0.54 | T=25°C.
ty (us) 1.5 1.0 Voc=750(V), 1;=415(A),
‘1, (us) 3 3.7 I;g=10(A), rise t;;=0.9us,
ton (1) =tgH,. Turn-on time. 45 4.7 Resistive load.
Eon (mJ) Turn-on energy. 135 157.0
te (US) 7 6.0 Vpe=750(V), 1;=400(A),
1 (1s) 1.3 2.2 Snub. C=1(uF),
t.r (US) =t;,+t;. Turn-off time. 83 8.2 dig/dt=18(A/us),
ty (us) 10.3 Resistive load.
Eoer (ml) Turn-off energy from 0.91;--0.11. 250 2224

Note: The model parameter values are given in table 2.
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Fig.4 igbt turn-off simulated (top) and experimental
(bottom). (igbt: BSMS0GB100D)).

Composite gto thyristor model

The composite gto thyristor model is derived by
regeneratively connecting pnp and npn bjt models, as
shown in Fig.1(b). The model was first used to
explain how a thyristor operates (16), and then how a
gto device operates. The model’s parametric
sensitivity analysis in table 2 demonstrates the
relationship between the model parameters and device
electrical characteristics, and can be used as a basis to
simulate different gto devices (7). The various
parameter definitions can be found in (7)(11).

The practical device selected to illustrate the
composite model is the DGT224SE (17} or similar
(18)(19). Table 3 gives a comparison of the gto
device and model performance, and the model
parameter values used are listed in table 2. Device
turn-off ability depends on the capacitance of the
snubber capacitor C,. Fig.5 shows the relationship
between maximum controllable current and C, for the
device and its PSpice model. The composite gto
model inherently models gto tail current
characteristics. Fig.6 is gto anode current and voltage
waveforms at gto turn-off, with different (3’s for the
pnp bjt. The model can be matched to different
practical gto devices by changing the appropriate
parameter values given in table 3.

Composite mct model

The composite model concept is applied to analyze an
mct, as a mosfet driving the gate of a gto thyristor,

546

Fig.1(c) shows the mct model equivalent circuit,
which is based on the Harris Semiconductor model
(9). The parametric sensitivity analysis for the
composite mct model is given in table 4. It is
important that the bjt’s realistically model gto features.

A composite mct model can also be configured by a
mosfet driving the gate of a gto which consists of
three diodes and current source, rather than pnp and
npn bipolar transistors (20). More components, such
as resistors and interactive switches, are needed to
obtain simulation results which agree with the
practical mct.

DISCUSSION

The composite power semiconductor models, based on
the bjt, mosfet, diode and resistor models which are
incorporated in most circuit simulators, are simple to
configure, easy to use and possess the features of
practical devices. They are a good compromise
between computational time and accuracy. The
microscopic models, such as the gto 1 dimension (I-
D), 2 dimensions (2-D) or partly 2-D models, are too
complicated and time consuming when it is circuit and
system performance that are of prime interest. A
composite model is circuit or system oriented, but
based on device physics analysis. This model concept
is useful for constructing, analysing and developing
new power electronics devices, such as the double
gate gto (21) where the device structure should be
considered for the composite gto model.

The complete PSpice file for the igbt, gto and mct
composite models are given in the appendix, including
circuit component values. The proposed models are
constructed in PSpice, but the composite model
method, as a general approach, is suitable for use in
other simulation packages.

CONCLUSION

The composite modelling method for power switching
semiconductor device modelling is simple and a useful
way for power electronics engineers to perform circuit
and system simulations.  Each proposed power
semiconductor model has the inherent controllable and
adjustable static, dynamic and thermal characteristics
of the practical device.

The paper described three composite power semi-
conductor device (ighbt, gto and mct) models, and
gives model parametric sensitivity analysis. The
models make a good compromise between model
accuracy and computational time. Included are the
PSpice files for each model, such that any PSpice user
can readily incorporate and use realistic and simple
models for the igbt, gto thyristor and mct.
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Fig.5 Dependence of maximum controllable
current ly, on capacitor C,.

Vipe=750(V), L =0.8(uH), L =2(uH), R=4(Q).
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Fig.6 GTO voltages (top) and currents (bottom) at turn-ofT,
with different gain P of the p-n-p BJT in the GTO

composite model.

Table 4: The composite MCT model parameter sensitivity analysis

Turn-on Turn-off Steady state
a Values ty |t Pin try t; [ Lait P Vin Tees -
K,p 24 -4 - - - - t 0 - - -
Vo (V) 5.0 - - - - - - - - - - R
K 3.6 - |- - - - - 3 - T
Voo (V) | <30 - |- - - Tt - - - -
Bur 0.4 -] - - 0 ) A A A v 0 v
Bux 1.0 - - |- - - - - - D
T (US) 1.2 - |- - - - T - T - \ {
Tor (1S) 1.0 - - - - - - - - - - -
B 24 - - - l - A A s v - v
Bor 1.0 -] - - - - - - - - -
Tor (H$) 1.2 - - - - - A - A - - 0
Tor (1S) 1.0 - - - - - - - - - R -
T (C) 27.0 -] - ) - - A 1 a - ) v

Note: av significant effect, T4 small effect, -- no effect.
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APPENDIX
Simulated circuit

The simulated circuit for the ighbt is given in Fig.7,
and can be used for the gto thyristor and mect circuit
simulation by changing the circuit component values.

1

>

o
Fig.7 Simulated circuit.

IGBT model and circuit file

Vo 1 0 DC 600.0

R 12 120

L1 23 300U IC=40

Df 3 1 Dfast

Ls 34 20U IC=40

Ds 4 8 Dfast

Cs 80 0.047U IC=0

Rs 83 20

Vg 70 PULSE(!5 -152U 100N [00N 50U [00U)
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Dgon 7 11 Dnorm

Rgon 11 6 47

Dgof 12 7 Dnorm

Rgof 12 6 3.3

X1 460 IGBT

.SUBCKT IGBT 4 6 10

Ml 56 10 10 MOSN

Q11054 BIJTP

.ENDS

.MODEL MOSN NMOS(IS=20N KP=7.6 VTO=6V
+ RD=0.02 RG=1000 CGSO=2U CGDO=10N)
.MODEL BIJTP PNP(BF=0.26 TF=3.3U CJC=0.6N
+ RE=0.03 BR=0.44 [S=4N)

MODEL Dfast D()

.MODEL Dnorm D(}

.TEMP 25

.TRAN 0.4U 180.0U 40U 0.6U UIC

PROBE

.OPTIONS (ITL4=40 ITL5=15000 ABSTOL=100.0N
+ VNTOL=1.0M LIMPTS=10000)

.END

GTO model and circuit file

Vo 1 0 DC 600

RIT2 1.0

L1 23 4M IC=400

Df 3 1 Dfast

Ls 34 12U IC=400

Cs 88 0 4U IC=0

Ds 4 8 Dfast

Lo 8 88 0.8U IC=0

Rs83 4

Vg 70 PULSE(S -5 10U 1U 2U 105U 200U)
Rg712 2

Vgon 9 0 PULSE(-25 10.0 110U 4U 4U 10U 200U)
Dg! 9 13 Dnorm

Rgl 13 12 0.3

Vgoff 11 0 PULSE(15 -20 10U 12U 40U 8U 200U)
Dg2 12 11 Dfast

Rg2 12 6 0.14

.SUBCKT GTO 4 6 10

Qpnp 6 54 BJTP

Qnpn 56 10 BJITN

.ENDS

Xsw 4 6 0 GTO

.MODEL Dunorm D()

.MODEL Dfast D()

.MODEL BJTP PNP(BF=0.33 TF=14U TR=0.2U

+ RC=0.05 BR=1.2 IS=1N)

.MODEL BJTN NPN(BF=110 TF=0.28U CJE=0.5N
+ RB=0.05 [S=15N CJC=2.2N MIC=0.5

+ RC=0.0042 BR=0.08)

.TRAN 0.2U 480U 40U 0.5U UIC

.PROBE

OPTIONS (ITL4=40 ITL5=18000 ABSTOL=200.0U
+ VNTOL=20.0M LIMPTS=20000)

.END
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MCT model (p channel) and circuit file

Vo 10 DC 450

RIT12 26

L1233 8M IC=150

Df 3 1 Dfast

Ls 34 4U IC=0

Cs 80 1U IC=450

Ds 4 8 Dfast

Rs83 4

Vg 4 21 PULSE(-10 20 2U 400N 800N 40U 80U)
.SUBCKT MCTS 4 21 10

Mon 6 21 4 4 MOSP

Qpnp 6 54 BJTP

Moff 5 21 4 4 MOSN

Qnpn 5 6 10 BJTN

.ENDS

Xsw 4 21 0 MCTS

.MODEL Dfast D(}

.MODEL MOSN NMOS(KP=2.4 VTO=5)
.MODEL MOSP PMOS(KP=3.6 VTO=-3)
.MODEL BJTP PNP(BF=2.4 TF=1.2U TR=1U)
MODEL BJITN NPN(BF=04 TF=12U TR=1U)
.TRAN 0.4U 160U 0U 1000N UIC

.PROBE

.OPTIONS (ITL4=40 ITL5=15000 ABSTOL~100.0N
+  VNTOL=100.0U LIMPTS=15000)

.END



