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Numerical Modeling of Gate Turn-off 
Thyristor Using SICOS 

Da-Guang Ni, Gerard  Rojat, Guy Clerc, and  Jean-Pierre Chante  

Abstract-This paper presents a numerical model of gate 
turn-off thyristors (GTO’s). The new concept of a controlled- 
switch realized by a controlled-current source is first introduced. 
Using this basic model, an equivalent circuit of the GTO is 
given. According to the characteristics of GTO given by manu- 
facturers, the equations connected with all the parameters of the 
equivalent circuit are deduced. All of the parameters of the 
equivalent circuit are determined. A sample study is presented 
at the end of the paper. We have simulated this numerical model 
with the SICOS program and the results are in concordance 
with the experiment. 

I. INTRODUCTION 

ATE turn-off thyristors (GTO’s) of rated high volt- G age and high current are becoming increasingly used 
in power electronic applications and are replacing Static 
Converter Simulation (SCR’s). Many models of GTO’s 
have been proposed for the simulation of power circuits. 
These models can usually be divided into two groups: the 
first one is the ideal controlled switch. This type of switch 
model has only two states (ON and OFF) without consider- 
ing the transition area of turn-on and turn-off. It is 
obvious that they are not suitable for simulating high- 
power converters. The second type of switch is based on 
semiconductor physics. As a model of GTO, they are very 
effective. However, this type of model is very difficult to 
use in simulation of power converters because the inter- 
nal physics parameters are not given by manufacturers. 

In this paper, we propose a new model of GTO. It is 
entirely based on the characteristics of GTO’s, which are 
very easy to find in data sheets or obtained by experimen- 
tal methods. The equivalent circuit obtained from this 
model can be realized easily in a good number of simula- 
tion programs. It represents the dynamic and static behav- 
iors of a GTO. 

11. CHARACTERISTICS OF A GTO 

dZ/dt 
ITA,,,,,, 
ZTGQM 

= maximum rate of rise of on-state current 
= maximum average on-state current 
= maximum controllable turn-off current 
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Vi- = on-state voltage 
I H  = holding current 
V,,, 
I,,,, 
t d  = delay time 
tl, = rise time 
t ,  = storage time 

= repetitive peak off-state voltage 
= maximum rms on-state current 

= minimum off-time 
= tail time 
= peak turn-off gate current 

tf 

ICY,,,, 
di,,/dt = maximum rate of rise of reverse gate current 

Fig. 1 shows the typical current and voltage waveforms 
of GTO’s. From these, we will try to produce an equiva- 
lent circuit that contains such characteristics. 

111. STRUCTURE OF AN EQUIVALENT CIRCUIT 
FOR A GTO 

A. Model of a Controlled Switch 

A controlled switch is the switch that can be turned on 
or turned off by another voltage across another compo- 
nent. This component is either an element in the same 
power circuit as the controlled switch or an another 
element in another independent circuit. It can also be a 
branch of a network in series or in parallel. 

Based on this concept, an equivalent circuit of the 
controlled switch is presented in Fig. 2. It is composed of 
a controlled-current source with two diodes, one in series 
with it and the other in parallel. The behaviors of this 
switch are described as follows. 

1) When the voltage Vc is negative, the current of the 
controlled-current source Z ( t )  = 0. The impedance of the 
source is infinite. The switch is turned off. 

2) When the voltage Vc is greater than zero, the cur- 
rent of the controlled-current source Z( t )  = K*Vc, mak- 
ing diode D ,  turn on. The controlled switch thus appears 
as a small impedance. It is equal to 

If V,, is negative, diode D ,  turns off and it withstands 
the inverse voltage. It is clear that the current of this 
switch is unidirectional and its voltage is bidirectional. 

0278-0046/93$03,00 0 1993 IEEE 
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Fig 1 General current and voltage waveforms with GTO-speclfic symbols 

D A  + 
L LJ 

B + D B  

Fig. 2. Equivalent circuit of a controlled switch. 

B. Model of a GTO 
Using the model of the controlled switch, we propose 

the equivalent circuit of the GTO as shown in Fig. 3. T I ,  
T,, T,, and T4 are ideal switches. Nodes A ,  K ,  and G 
represent, respectively, the anode, cathode, and gate of 
the GTO; D , ,  D,, D,, D,, and D, are ideal diodes; C,, 
C,, C,, and CA, are ideal capacitors; and Z ( t >  is a 
controlled-current source. The GTO is controlled by 

K K. 
Fig. 3. Equivalent circuit of GTO. 

D4 

Q,(t>, the voltage of capacitor C,. The equivalent circuit 
of a GTO also includes considerations of inverse voltage, 
holding current, and parasitic capacitance. 

IV. BEHAVIORS OF EQUIVALENT CIRCUIT OF A GTO 
At the instant t = t , ,  a positive source is applied to the 

gate of the GTO (point GI. C; is charged up to instant t,. 
When t = t , ,  Uc,(td) = E, ,  the diode D ,  is conducting. 
Capacitor C, begins charging. At instant t,, the con- 
trolled source Z ( t )  supplies the current and capacitor C, 
begins charging. This decreases the anode potential and 
increases the anode current. The GTO is conducting. 
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current that is superior to the load current passes through 
C’ ( 3 )  

v. DETERMINATION OF THE PARAMETERS OF THE 
EQUIVALENT CIRCUIT 

We have given an equivalent circuit for a GTO. It is 
certain that this equivalent circuit is based on the concept 
of black box, i.e., only external characteristics are consid- 
ered. For example, it can also describe switch times t,, t,, 
t , ,  t f ,  etc. 

According to the equivalent circuit (a three-terminals 
network), we are going to determine parameters R I ,  R I ,  
and R,, (the resistance of T, in the on-state), C’,, Cy, C 2 ,  
C,, and the transconductance K of the controlled-current 
source Z( t ) .  We consider that E ,  is smaller than E,, and 
is strictly superior to zero. Egl is a positive voltage source 
applied to the gate of the GTO and E,, is negative. 

L ,  mdX is the inductance of the gate of the GTO. Manu- 
facturers give the limiting rate of rise of the gate current. 
We can use this condition di,,,,/dt to determine this 
parameter (for certain manufacturers it is specified). 

dt 

for t ,  < t < t,. 
Here, 

When t = t,, let Uc2(tr) = Egl - E, .  

+ c,pI c; + C, [ ( 2 n  ( -  l ) ” - I  - l)! ( Lg(c;  tr + C,) ) 2 f l  - I ] .  

We made a second degree approximation because t ,  is 
very small. Thus we have 

Here, E,, is the reverse voltage of the dc source applied 
to the gate of the GTO, and di,,,,/dt is the maximum 
rate of inverse gate current. 3 Lg2 

- L [ q ’ , ]  - c;. ( 5 )  

A. Determinution of C; 

gate of the GTO, we have 

C. Determination of K 

which is a function of K and Uc2: 

When the positive dc voltage source is applied to the 
I (  t )  represents the current of the controlled source, 

t I ( t )  = f ( k ,  Uc,(t)). 
( 2 )  

This gives the relation between the gate circuit and the 
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anode-cathode circuit as follows: 

Fig. 4. Testing powcr circuit 

When t > 4-(7~/2), I ( t )  holds the maximum 
value because the state of diode 2 is turned off. That is, 

Using this initial condition, we can obtain the voltage of 
C,: 

I ( t )  = 

We take I ( t )  > with t i ,  < t < t , .  
The reverse gate current is I T G P M  for consideration of the extreminal 

case. thus we have 

In fact, I,,,, < 1,,,,,/3. The amplitude of the nega- 
tive gate current is determined by the amplitude of the 
anode current I,, the storage time t , ,  and the gate 
negative turn-off gain G. The negative current of gate Ig 
can be generally represented by a sine function with a 
frequency f =  1/(2 7~ JT L C 1. At the moment where w t  

s n / 2 ,  Ig reaches its maximum value I,,,,. Considering 
this physical characteristic, and from (12), we have 

D. Determination of Cy 

applied to the gate of the GTO. C‘, discharges until to .  
At t = 6 , ,  the reverse voltage of the dc source E,, is 

with E,, < 0. 

on state. This instant is noted by to .  From (8) we have 
Here, U ,  = q 2 ( t 2 )  + E, .  After U,. , ( t )  < 0, D is in the 

C ;  and Cy are connected in parallel. The initial current of 
the inductance L,  is determined by Here, G is the negative turn-off gain that is equal to 

I T A V M / I G O M .  When t = t , ,  we have 

4,] = u , i ( t ,>  (14) 

with to < t < t , .  
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E. Determination of Rr3, R ,  and R,  
After t > t,, the voltage U,, becomes over the voltage 

Ucp, which represents the stored charges in the base area. 
This means that the GTO goes out from its saturated 
state. The anode current begins to fall down. Thus T3 
turns on and at same time TI turns off. The GTO changes 
from a small-resistance to a high-resistance zone. From 
the equivalent circuit, we have 

tf - I&) -tr - 1 
E,, - ucl(ts> 

L,  
i ,( t f)  = 

At t = t f ,  i g ( t f )  = gTI,(t,), and 0.1 < g, < 0.8. We take 
g, = 0.4. 

Coinn~ul.i l loi i of1 ((100 V, 100, Lg ~ 0 5plI ) 
( I 211s / Div. Ig 2011 / J l i v ,  V1 2OOV /Div, 
17 5OA / D I V ,  W 20ii i l  / D i b )  

0 

Lg (15) 

After t = t f ,  the anode cnrrent of the GTO is less by of 
10% Z,,,,,. The GTO turns off, and the internal resis- 
tance becomes very high. But for the edge zone it is still 
in the on state. T4 turns off and the resistance R ,  is 
inserted. This can well simulate the period of tail time 
defined by 0.25U,,(tf) = Q2(t t ) .  Thus we have 

F. Determination of C, 

Fig. 7. Experimental results. 

The power circuit used for testing the model of the GTO 
is given in Fig. 4 [6].  The parameters of the ciicuit are as 
follows: 

L ,  = 25 p H ,  L ,  = 2.5 mH, C ,  = 12.5 p F ,  R = 9R 

C = 0.5 p F ,  C, = 2 m F ;  Lg = 0.5 pH. 

The equivalent circuit of this power circuit is given in Fig. 
5. Here, E,, = 15 V, Eg2 = -15 V. The parameters are 
determined from (1) to (18). 

The parameters of the circuit are as follows: 

L, = 0.5 p H  

Cy = 18 pF 

C; = 0.224 pF 

R ,  = 0.4 CR 

K = 46. 

C, = 5.1 pF;  K c, = - [ (Egl - E,)  [ tr  - d m s i n  
h7, 

R,, = 0.051 R 

The SICOS program (SImulation COnvertisseur Sta- 
tique) has enabled us to simulate the equivalent circuit of 
the GTO. The results of the simulation are given in Fig. 6. 
The current of diode 9 and the current of the inductor 1 

(18) 

with t, < t < t,. 
CA, is a parasitic capacitor given by the manufacturer. 

We consider that CA, = (from 0.01 up to 0.005)*C3 if it is 
not given. 

VI. EXAMPLE 
For the GTO, type AEG G200 A 1200 V, 300 A, the 

properties are as follows: 

t,, = 1.65 p~ t ,  = 1.4 ps U,,, = 1200 V 

represent, respectively, the anode current and the gate 
curretit of the GTO. VI,, - V, is the anode-cathode volt- 
age of the GTO. Fig. 7 presents the experimental results 
[6]. A comparison of the two figures shows that the results 
of the simulation are similar to the experimental results. 
Fig. 8 is another case of a GTO in the on state, the signal 
of the gate of the GTO being zero. When the anode 
current becomes inferior to the maintain current, the 
GTO turns off. The step time is 0.08E-6 s. 

VII. CONCLUSION 
Gate turn-off thyristors, called. GTO's, are fast switch- 

ing power semiconductors that can sustain high currents 

ITGeM = 600 A ts = 3.6 PS t,c = 0.6 PS 

t, = 6.5 P S  ITAVM = 300 A. 
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x I4 

Fig. 8. Behaviors of holding current of GTO’s numerical model. 

and voltages. This property makes them readily applicable 
in forced-commutation inverter circuits. Models for such 
components are thus of primary importance in power 
circuit simulation. In this paper, we have given a new 
concept of the controlled switch. Using this model, a GTO 
equivalent circuit is developed. The simulation with SICOS 
or success [SI, proves that this numerical model can be 
used to simulate dynamic and static characteristics. Since 
this model is completely based on the characteristics given 
by the manufacturers, it is very easy to use. Only one 
controlled-current source is employed so that the simula- 
tion time is very short. In the example given, the simula- 
tion time is only 6 min with the Hewlett Packard 9000/400 
computer. Another advantage of this model is that it can 
be applied in almost all simulation programs for power 
circuits. Works are being made to minimize the number of 
components. 
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