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L/ A MODEL OF GTO COMPATIBLE WITH POWER CIRCUIT SIMULATION
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Abstract, In the field of power device simulation, different approaches can be found. Our purpose is
to find models able to represent both the static and dynamic behaviour of semiconductors taking
account of the external circuit (in chopper or inverter operation).

These models should be of the "circuit” type to be compatible with a simulation software capable of
handling whole converters, like, in our case, SUCCESS.

Our models for minority carrier devices are based on their physical structure. Each junction of the
component is represented by a standard junction model. The model of each component is then
derived as & combination of these junction models.

In this paper, we will focus on the modelling of the GTO which is a three-junction device. First, we
will identify the parameters of each junction with specific tests which will be detailed. Then, the
behaviour of the model will be compared with experimental results in conventional conditions.

Keywords, component, PN junction, carriers, GTO, modelling, simulation.

About fifteen years ago, the challenge of simulstion in
power electronics was to predict and understand the global
behaviour of various topologies of converters. A simple
binary resistor (R,/R.¢) Was enough to represent the
operation of sny switching device and determine the main
characteristics of a given converter with & very good
accuracy {peak and RMS currents, output power, output
characteristics,...).

Nowadays, the ever increasing calculation power of
computers allows representing the switches more
accurately to aid the design of the switching section
(design of the snubbers, prediction of the current and
voltage overshoots, study and optimization of the losses
in the switches 2,...).

However, the modelling techniques sre certainly not that
advanced ; on the onec hand, some physics-rooted models
allow predicting the device behaviour but the simulated
circuit must be very simple (Leturq (1)), and on the other
hand, comportemental models can be used in more realistic
circuits but they might be wrong in special operating
modes.

Our approach is an attempt to put basic physics in a circuit-
type model that could be used in a static converter
simulation software.

Works have already been carried out in our team on this
subject and a model has been proposed for the PN junction
and applied for the bipolar transistor (Batard (2) and Batard
(3)). As a first step, we will describe briefly this model of a
PN junction. Then, we will show how this model can help
modelling a maulti-junction component like the GTO
thyristor.

PN JUNCTION MODELLING

In power electronics applications the important
characteristics of a diode are :

- the low on-state voltage as a function of the forward
current I,

- the low reverse cumrent in off-state as a function of the
reverse bias,
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- the maximum reverse recovery current I__ at turn-off,

- the vanishing of the current after I, (soft or snap-off
behaviour),

- the reapplied voltage (dV/dt) at tum-off.

Esch of these characteristics is modelled as simply as
possible. For example, though it is possible to model the
V() static characteristics with one or several threshold
voltage(s) and a variable series resistor, we will keep the
usual R /R . representation which is acceptable in most
of our spplications.

What we will try to improve is the representation of the
charges which are of high interest in power applications.
These charges are represented by a parallel capacitor ; it is
well imown that the charges are not a linesar function of the
valtage, which can be interpreted as a variable capacitor.
Former studies showed that a two-state capacitor (C;/C,)
gives & fairly good representation of the variation of the
charges versus voltage. To avoid energy discontinuity the
commutation between the two capacitors must be done at
the very moment when the junction commutates from the
on-state to the off-state and vice-versa. For this reason, the
model of figure 1 was introduced.
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Figure 1 : Model of a PN junction

A very small inductor is connected in series with the binary
resistor to create a voltage drop proportional with the



derivative of the curremt flowing through the resistor,
which is in turn proportional with the dV/dt across the
device. Controlling a-current source by this voltage gives a
current in the form of:

m

I = (K L/R,)*aVit

Thus, this controlled current source behaves as a capacitor
of which value is inversely proportional with Ry (High
value when the diode is conducting, low value when the
diode is blocking).

It can also be shown that this model allows representing
the “softness” of the diode by means of the second time
constant L/R;.

As a conclusion on this diode model, we can say that it
gives a veyy good representation of the current and voltsge
waveforms in various opersting conditions. For exsmple,
it has been checked that the reverse recovery current of &
BYT08400 was comrectly represented (errors<10%) in a
wide region of operation (If from S to0 50 A, dI/dt from 10 o
100A/us). However, it should be noted that & 1% exvor on
the voltage and current waveforms can give errors as high
as 100% on the losses ; for this reason this model is not
capable of predicting the losses (3).

To a lesser extent, the turn-off dV/dt is also a weak point of
this model. Knowing these limits, this kind of models for
diodes and bipolsr transistors have been intensively used
inmullrueuchhbarm and alresdy proved their
usefulness to understand phmmmdloud
the design of some parts of the commntation section.

We will now show that this technique can also be used to
create & model for the GTO thyristor.

GTO MODELLING
Baslcs of GTOs

The operation of GTOs is often explained by means of a
two-transistor model as shown in figure 2.
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“Figure 2 : Two-transistor model of the GIO
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The three junctions of the GTO can be considered as
forming a PNP transistor with gain «; and a NPN transistor
with gain @, The main properties of GTOs can be derived
from this model.

As an example, it can be seen that @) must be very small
to obtain an important gain at turn-off, which is the main
difference with conventional thyristors. In order to reduce
this gain «;, two main technologics have been developed :
life time control (gold-platinum diffusion or electron-
gamma irradiation) and anode shorting.
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Principle of the model used for GTOs in our
team

A model that is more firmly rooted in the device physics
was chosen. In fact, the GTO is composed of three
junctions snd each of the “external” junction has & certsin
curreat gain on the central junction (figure 3).
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Tomsmeachjmmmdﬂwcmnspondmgm
the junction model described in section PN JUNCTION
MODELLING is used (simplified whenever possible).

Tlgure 4 : Whole model of the GTO

LCrl

In addition, the gains are represented by means of
controlled current sources. Only the forwsrd gains are
represented here, because at that point of the study, we
cannot think of a mode of operation that would activate the
reverse gains. At last, avalanching of the Gate-Cathode
junction is simply represented by a pure voltage source and
2 binary resistor. The whole model of an anode-short GTO
is given in figure 4.



This piecewise lincar 1 can be idered as & poor

jon of the strong non-lincarities of resl GTOs
(3) However, it has the ldvanhge of being directly usable
in simulators involving other compouents modelled with
the same precision. It is capable of showing the main
phenomens related to GTO commutations such as curreat
tail L, and spike voltage V,

This model (figure 4) is only qualitative. In order to
determine all of its parameters, a systcmatic method has
been developed. It will be explained in the next section.

PARAMETERS IDENTIFICATION

Given the number of parsmeters in the model, a systematic
mcﬂwdisneededmdeumimtbemoddpanmmofdw
GTO. An objective in our method is to identify each
pumewrsepm(elyfmmdwodeo special tests to
evaluate junction by junction the values of the different
perameters have been developed.

In this section, these tests and the corresponding
parsmeters identification are detsiled. Some of the
parameters can be determined by others tests. If they give
roughly the same value for 2 given parameter, the
confidence in the parameters model is increased. But they
will not be detailed here.

The following method deals with anode-short GTOs. This
experimental method cannot be directly extended to gold-
doped GTOs because some parameters in the central
junction of gold doped GTOs cannot be measured from the
terminals.

The GTO wunder test is rated Ifoqu = 600 A,
Vpr = 1600 V. Its parameters are determined for a given
temperature, namely 25°C.

Identification of the parameters in the anode
Junction

In a GTO, the measurable quantities are the anode current I,
the gate current I'. the snode-cathode voltage V‘k and the
gate-cathode voltage V‘k. The first test is based on these
four values.

frec-weeling
diode

LF-inpm

i
i
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Figure 5 : chopper circuit used for tests

The simplest circuit including switching of a GTO is
studied : a chopper (figure 5). The GTO is protected by a
1uF snubber at tum-off. In order to reveal the intrinsic
behaviour of the GTO, snubberless operation will also be
studied in the following. For this reason, this chopper has
0 be a high current/low voltage design. The free-wheeling
diode used in the chopper is rated Ipavy = 300 A,
Vg =400 Vand its Q_ is very low (Qp =4 uC). This
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design makes the chopper the worst component of this
chopper which is the best way to test the GTO : all the
other nts can be idezed as ideal ponients.

The tum-off commutation can be represented like in
figure 6.
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-i"rlgure 6 :
conditions

Turn-off switching under standard

Determining K3, L, Ry;. At the beginning of mode
3, V,, appears as the central junction tumns off. The
begiming of mode 4 is defined as the time when the gate
cathode junction turns off. So, during t,,y only the anode
junction is conducting and at that time, the charges stored
in this junction can be deduced.

With this chopper, several points of operation can be
chosen. In this section, the more important is to have the
same point for all the tests. We choose I, = 180 A with
Ejppa = 125 V. At this point, t,,;) = Tus.
It can be seen in the model that :

Y =3 Roq + Ryeneed) Cr3 @

with Cﬂ, the forward p itance Tep ing charges
stored in the anode junction.

Its value can be derived from relation :

Cry=K3*LyRo @
Substimting for Cy; from equation (3) in equation (1), we
can determine K3*L,. L,/R;; must be a very low time
constant. If L, = 1 nH, we get K3 = 2330,

Determining K32. Physically, among the carriers
injected through the anode junction, those which do not
recombine create a reverse current through the central
junction. This cwrrent gain is represented by «, in the
model of figure 3 and by a controlled curmrent source I3,
with its gain K32 in the model of figure 4. The relation
between them is ;

K32=20/R,_ 4 “

To establish this relation, we suppose that the short-circuit
resistor R,, and the anode junction R 3 + R, 4 8re equal.

In order to determine a,, the same test than before was
used. In fact, &, can be roughly deduced from figure 6.

During the conduction, the current I, creates through the
central junction & reverse current (J32), its value is al * L.



The value of I, at the beginning of mode 3 will be noted
I,v3)- I, at the beginning of mode 4 will be noted I,. At
this momeat, only the snode junction is conducting. As t;
(fall time of L,) is very small compared t0 44}, the cumrent
J32 is roughly constant during mode 3. So, I,; can be
cousidcredequlltoB?.lfwemeasurew)mdl‘ﬂ.weem
determine o with the relation (5).

I“ﬂ#al‘I‘ (S)

Then, at the chosen point, L ;= 14,5 A, I, = 180 A. So,
a; = 0,08,

The values of the anode parameters are listed below :

R 3=05m0 R oy = 0,5m02 R.=1mQ
L3=1aH Ryy=100 0
K3 = 2330 K32=322

In addition to the parameters of the snode junction, this
test helps deriving the parasitic inductor of the snubber (1)
from the spike voltage Vepike-

With dI fdt = 533 Alpsmde=63 V.1, =0,12 uH.

For the parameters in the other junctions, more specific
tests must be carried out.

Ideatification of the parameters in the gate
cathode junction

To have more information about the physical behaviour, &
GTO turn-off switching without protections is studied in
the same chopper as in the first test.

where I, is the current through the gate cathode junction.
In figure 8, Iy, is represented with I, mdl‘u the same
conditions.
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Figure 7 : snubberless turn-off

The overvoltage is now proportional to the load current.
The limitation of the overvoltage at turn off without
protections for our application is V,Pike (for this GTO,
v spike = 400 V). So, a low input voltage like

input = 125 V allows snubberless operation of the GTO
which is the best way to characterize the GTO itself. The
snubberless tum-off is represented in figure 7.

Determining K1, L, R;;. The determination of the
gate cathode parameters can be made if the voltage and the
current through the junction are known. The voltage is
measured directly at the G and K terminals. But the current
must be determined indirectly.

From figure 3, we have :

A A . ©

Figure 8 : curreut aund voltage of the gate
cathode Jjunction

The waveforms in figure 8 allow the determination of the
charges stored in the gatecathode junction.

I, =180 A, dI dt = 711 Ajps, I, = -7S A.
We fix L, = 1 nH and Ry, =100Q, ThenK1 = 110.

Determining C,, and C,,. With this type of
commutation (figure 7), we can also determine the reverse
capacitances of the central junction and of the gate cathode
junction. In mode S of the snubberless commutation, V,,

oscillates. The parasit inductance of the power circuit 1,
(figure 5) is determined in others tests. Measuring the
period T, of the V,, oscillation, the reverse capacitance of
the central junction C, can be determined.

I, =035 pH, T, = 218,5 ns, then Cjy = 3,5 oF.

A similar process gives the reverse capacitance of the gate
cathode junction C,). The period Ty of the V, oscillation
is measured in mode 6 and with 1, determined before, the
value of C,, is determined.

Lom = 025 pH, T, = 515 ns, then C, = 27 nF.

Determining BVO for the gate cathode
Junction. The value of this breakdown voltage is directly
simulated by a voltage source and an ideal diode.
BVO=-18V, Rguvo=05m0, Rogfove = 10°0

The parameters of the gate cathode junctions are :

Rea1 = 0,5 mQ, Recnge1 =05mQ, Byp=-18V
L,=1nH, R, =1000, K1 =110
Roabvo = 0.5 mQ,  Refrvo = 10°Q

With these parameters, we have ail of the gate cathode

parameters except the forward gain K12 of the current
source J12. K12 represents directly a,.

Identification of the parameters in the central
junction

For the central junction, one solution involves forcing
this junction to work in the forward mode.
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ﬁgure 9 : Chopper circuit modified for
determining central parameters

In fact, it is operated as a "free-wheeling diode™. Then, the
GTO central junction conducts in forward mode while the
two other junctions are inhibited.

The experimental set-up is the same chopper in which the
free-wheeling diode is replaced with the GTO thyristor. The
global circuit is represented in figure 9. To neutralize the
gate cathode junction, it is short-circuited as close to the
case as possible. Then, the current inside the GTO is forced
so that it flows through the central junction and the anode
short. It should be noted that the anode and gate junctions
arc not conducting so that the gains are not activated. The
dl/dt is limited by a series inductor and load current is 10 A
(2 rough estimation of the current flowing through the
central diode of the model in normal operation).
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Figure 10 : Current and voltage through the
central junction

The experimental current and voltage are shown in figure
10. The maximum reverse recovery current I, = -20 A and
the "softness™ time t; = 0,25 s corresponding to the
initial current Iy = 10 A and a dI/dt of 13,3 A/us allow
determining L, Ry» and K2 of the central junction D,.

‘We obtain:
Roaz = 0,5m0
L2=1nH

Rogrz = 10°0
Ry, =4mQ

te= 0,25us
K2 = 2900
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Identification of the static forward gains

The last model parameter to be determined is K12, For that,
a static test is carried out (figure 11). When the GTO
unlocks, we can determine the static gain Gg. The power
circuit drawn in figure 11 is realised for this test.

The GTO is initially tamed on by s positive gate current
delivered by an auxiliary circuit (not shown in figure 11),
so that current I, flows through the GTO. Then, 2 small DC
current is extracted from the gate and slowly incressed. At a
cquinlevclofcmuu(l‘ﬁm)ﬂwGTO turns-off and current

I, flows through the three series-connected diodes that
limit the voltage across the GTO to approximately 5V.

‘Theoricaly, when D, turns off, we obtain from model figure
3, the relation between G, o, and o, is
G=Lpall,=(ay +0-1) /0y O]

With Ty =180 A, we messure Igjj;m =18,5A. So
G, = 0,103.

(Dy— =

A\
LS

GE 2 Vak SZ]

For I =180A,I;=185A

Figure 11 : Static power circuit

To reduce the on-voltage drop of the GTO, the sum o +ay
must be maximized. However, a; must be as low as
possible to limit the current tail. (see section Basics of
GTOs). So, o must be close 10 1. Assuming oy = 1, gives
G, = a; = 0,10. This value is to be compared to that derived
from the cumrent tail measurement (ot = 0,08). The
difference between these two values (roughly 20%) can be
easily explained by the meast of I,y which is very
difficult to achieve (offset, ringings, ...).

The values used in the simulation presented in the
following section are :

ay = 1, o) = 0,08,
K12 = 2000, K32 = 322.
Identification conclusfon,

We have determined all of the GTO model parameters in
this part. The second point of the study is the global
validation of the model. So we fix the model with its
parameters and we place this model in its simulation
environment.

In the next section, we describe how we validate the model
and its limits. It should be noted that the parameters of the
model used are those given by the method described above
and they are never modified to achieve some sort of “curve-
fitting"™.



EXPERIMENTAL AND
WAVEFORMS COMPARED.

SIMULATED

First, we validate the model at the sime point chosen for
the parameters identification. Then with fixed parameters,
several simulations are made at different voltzge and
current levels. Finally, we compare the experimental and
simulation results,

For example, a turn-off of the real GTO =and its

ing simulation are represented in figures 12 and
13. Figure 12 displays the experimental results obtained
at tum-off with a snubber. This is achicved at 125 V input
voltage and 180 A load cumrent. The initial dIg/dt is
40A/us. and Ly, is equal to 75A. This can be considered
as a fast tumn-off with a tum-off gain of only 2. The
snubber is composed of & InF capacitor and a 15Q
resistor.
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Figure 13 : Simulation turn-off of a GTO

Figure 13 shows the mm-off simulation results obtained
with a 11F snubber, Ijg = 180 A, Ejyp = 125 V. As can
be seen from these waveforms, the main phenomena are
represented and have a reasonable amplitude.

With the different simulations made, we can directly
compare simulated current and voltage values with
experimental results. For example, we have :

AL /Aty = 560 Aljes, dLfdt, = 525 Alps;
Lot =75 A, Lrmesp =70 A,

The figures 14 and 15 sum up the behaviour of several
variables over & wide region of operation.

For the snubberless operation & similar study is made with
experimental and simulated results compared.
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The simulated current values like dI /dt and [ have 2 good

behaviour. The difficulties are in the representation of the
dV/dt at wrn-off in relation to the reverse capacitor.
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Figure 14 : Experimental and simulated dl /dt
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CONCLUSION

‘We can say that most quantities are in agreement with
experimental results but there remains certain difficulties
concerning dV/dts in snubberless operations.

This particular operation is not used in conventional
operation, in particular when it is necessary to optimise
the power circuit. Presently, we cannot have a good idea of
losses but can predict the global behaviour.
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