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Abstract — The paper presents an improved IGBT behavioral
macromodel suitable for OrCAD PSpice. In the new model, like
real IGBTs the collector current slightly increases with the
collector-emitter voltage. The developed IGBT behavioral model
is parameterized and it is implemented as a subcircuit in the
OrCad PSpice simulator. The static I-V characteristics offered
by the behavioral model are shown. The tailing of the anode
currents simulated by the behavioral model at a constant anode
voltage-switching test are given. The model shows good
agreement with measured results and built in PSpice simulator
model.
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I. INTRODUCTION

The IGBT was introduced into the family of power devices
to overcome the high on-state loss while maintaining the
simple gate drive requirements of power MOSFETs. The
IGBT combines both bipolar and MOSFET structures and
possesses the best features of both devices types. Because the
IGBT has a low power gate drive requirement, a high current
density capability and a high switching speed it is preferable
to other devices in many power applications and a practical
circuit model for IGBT is needed for simulation. Several
analytical models have been implemented into circuit
simulators (PSpice [1]-[4] and Saber [5]) in recent years. The
IGBT models available in literature can be subdivided as
either behavioral or physics-based. The physics-based IGBT
models proposed to date, are not easily implemented in circuit
simulators, require heavy numerical computations and the
knowledge of process parameters, which are not easy to
extract from electrical measurements. A significant part of
existing behavioral macromodels [5] are physical, based on
the internal device structure. The others, considering the semi-
empirical relations between terminal voltages and currents,
have a poor accuracy and their results are valid only in a
narrow range of operating conditions.

However the model still presents some limitations in the
saturation region at where the collector current is assumed
flat. Real IGBTs show that the collector current slightly
increases with the collector-emitter voltage. In this paper, an
improvement to the behavioral macromodel, which is
presented in [6],[7] is given to overcome this limitation.
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I1. MODEL IMPROVEMENT

The behavioral macromodel, suitable for OrCAD PSpice, is
shown in [6],[7]. In this paper the investigations are extended
and an improvement made to the behavioral IGBT model is
described.

The DC model is based on the empirical formulas for the
IGBT collector current detailed described in [7]. It combines
the equations that circumscribe the MOSFET in cut-off, the
linear and saturation regions with the equations of a bipolar
junction transistor operating in an active mode. The model
accounts for high-level injection and the voltage drop in the
extrinsic part of the IGBT. The next expressions give the
collector current in all regions:

0, if  Vge <Vy or Vee <Vp
(Vee —Vin X fiVee —Vp )-
2
(fVee Vo)
2
Vee <Vee +Vp = Vi 1)
(Vee ~Vin )
k.f,veE Vin)
2
if Vg >Vee +Vp —Vin

k.f,

where Vp is the voltage drop across the emitter-base junction,
Vi, is the threshold voltage of the MOSFET and k is the
process transconductance parameter [2].

According to [2], [4] and [7] the correction function fi,
dependent on gate-emitter voltage, is introduced in order to
make the saturation voltage of MOSFET equal to the
corresponding IGBT saturation voltage

fVersat =Vee +Vo —Vin - (2)
The correction function is approximated with an
appropriate polynomial. The degree of this polynomial

depends on the number of the accounted points and required
accuracy

fi=ag+aVge + aZVGZE . (3)
The output current in the saturation region is fitting using
the correction function f,:
2
ICsat =k (VGE _Vth) , (4)
where
f, =by +b\Vge + b2v(32E . (5)
There has to be noticed that the correction functions f; and f,
are equal to unity for the low level injection (it means for the
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small values of Vgg), which case is not observed in the
practice.

The polynomial coefficients a; and b; of f; and f, are
determined from the 1¢-Vce curves. Record the coordinates of
the saturation points (Vcesat, Icsar) for three given gate voltages
Vee. The value of Vg iS read at the point where the tangent
in saturation region is separated from the curve. Using the
systems’ solutions the correction functions f; and f, can be
calculated for each value of the gate voltage. The introduction
of two-correction functions f; and f, allows the use of the
more complex approach that relies on physical modeling.

From the Eqgs.(1), it can be seen that the collector current of
the behavioral model is saturated absolutely in the saturation
region it is a constant with different collector-emitter voltages
and just depends on the gate-emitter voltage only. However
the collector current of the real IGBT will not be saturated
absolutely in reality. So the behavior model is not accurate
enough to describe the saturation characteristics and should be
improved in the saturation region [8].

Based on the previous model, two assumptions are made:
the first is that the collector current in the saturation region
increases linearly with the Vce. The second is that all the
reverse extended lines of the collector current in the saturation
region intersect the x-axis at the same voltage point Veany [8]

(Fig. 1).

Fig.1. Static I-V characteristics of the improved model

This is similar to the Early voltage in the BJT. Based on
these two assumptions, the collector current of the new IGBT
model is modeled by adding a linear term to the original
model when Vg is greater than V. The dashed line in Fig.1
presents the original model and the linear term, the solid line
presents the new model. From Egs. (1) the new IGBT model can
be written as:

0, if  Vgg £Vy or Veg <Vp
(Voe —Vin X fiVee —Vo )-
(fiVee -Vp )
2
Vee <Vee +Vp —Vi (6)

Vg —Vip )
k-fzw— K(Vse ) Ve —Vin),

if VCE >VGE +VD _Vth

k.f,

g =1if

where K(VGE)represents the slope at a given gate — emitter
voltage

oo Ve )
KV — sat \V GE 7
(Vee ) T )

The voltage Veary is determined in MATLAB through
polyfit function using Ic vs Vce@Vee data. The records are
provided by device data sheets or by measurements.

I11. IGBT PSPICE MODEL IMPLEMENTATION

The behavioral model described above has been developed
using ABM method and implemented in the OrCad PSpice
simulator as a subcircuit. The DC part of the IGBT model
includes the voltage control current sources GVALUE which
implement Egs. (6), using “IF-THEN-ELSE” operator in
PSpice.

The dynamic part of the model is described in detail in [7]
and is shown in Fig.2.

Fig.2 Dynamic behavioral model

From the datasheets, the following capacitance curves can
be obtained:

Cies =Cee +Cocr Cres =Coc
where Ciqis the input capacitance, C,.s the reverse transfer
capacitance, and C,qsthe output capacitance. The values of

the capacitors can be extracted from the dependence
capacitance vs. V¢g for Vge=0. To achieve an accurate
description of IGBT’s switching waveforms, it is necessary to
develop a high precision voltage-controlled capacitance model
that exhibit nonlinear variation of the corresponding voltages.
The graphs from datasheet are digitizing using an appropriate
program like GetData. In order to consider the dependence of
the capacitors on the gate-emitter voltage their values are
obtained by scaling on the fitting expression.

A voltage dependent capacitance, using in the dynamic part,
can be specified by using a look-up table, or by using a
polynomial. In this paper the look-up table in the ABM
expression is used. The nonlinear capacitor in the model is
replaced by a controlled current source G, which current is
defined by

Coes =Cce +Coqc »

I =C(V)dv/dt . (4)

The time derivativedV (t)/dt is modeled by using the

DDT function in PSpice[9]. This table contains (voltage,
capacitance) pairs picked from points on the curve. The
voltage input is nonlinearly mapped from the voltage values in
the table to the capacitance values. Linear interpolation is
used between table wvalues. This voltage dependent
capacitance is the multiplied by the time derivative of the
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voltage to obtain the output current.
The realization in Spice language is with GVALUE “look-
up table” voltage control current source:

Table(V (%IN+%IN —), voltage, capacitor )*

DDT(V(%IN+%IN -)) ®
Ccc, Cce and Cge are modeled in this manner.
The process of the device switching is modeled using a
voltage-controlled switch S with parameters:
Von = {Vth} Voff < {Vth}l Ron = {\/CE(sat)/I C} and Ry - @
very big value corresponding on turn-off transistor.

An advantage of the proposed model is it parameterization.
It allows easy implementations of the deferent IGBT types. A
part of the preliminarily extracted parameters are included in
PARAM operator — these are Vi, Vp, k. Other part is included
in TABLE operator — these are the digitizing capacitance plot
data. The parameters of the voltage-controlled switch are
parameterized too.

V. SIMULATION AND EXPERIMENTAL RESULTS

For the verification of the model the type CM600-24H
IGBT is chosen. In the calculation it was assumed that
Vin=6V, k=102. The simulations are made under following
initiation conditions: Veg = 012V, Vge = 7+12V.

Fig. 3 shows the static I-V characteristics received from the
implemented CM600-24H PSpice model and Fig. 4 shows
these offered by the behavioral macromodel.
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Fig.3. Implemented PSpice model simulated static I-V characteristics
for the device CM600-24H
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Fig.4. Behavioral macromodel simulated static I-V characteristics for

the device CM600-24H

As can be seen in the saturation region the collector current
is flat.

Using the Eqgs.(6) the improved behavioral macromodel
static 1-V characteristics are simulated and are presented in
Fig.5.
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Fig.5. The improved behavioral macromodel simulated static I-V
characteristics for the device CM600-24H

It is shown that in the new model, like real IGBTs the
collector current slightly increases with the collector-emitter
voltage. Fig.6 shows one of the transient test circuits at
resistor and inductor load to verify the transient predictions of
the proposed model.
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Fig.6. A test circuit at resistor and inductor load
The simulations results of the both models (implemented

CM600-24H PSpice model and the proposed behavioral
macromodel) are given in the Fig.7.
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Fig.7 Simulated collector currents at a constant collector voltage-
switching test

As seen a very good agreement between transient
waveforms is achieved. The error is less than 2%.
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On the basis of the proposed macromodel a PSpice
behavioral model of IGBT type HGTD10N40F1S is created
too [7]. The simulation and experimental results of the IGBT
HGTD10N40F1S connected in the test circuit are presented in
Fig.8 and Fig.9. The results are given by the following
conditions: the supply voltage Vcc=50V; a load Rc=10Q and
Lc=10uH.
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Fig. 9. Test circuit experimental results

The switching curves (Uce and I¢) are given in Fig.9 at the
resolution Uceg=10V/div and Ic=1A/div. The average error
between simulation and experimental results is around 3%.

V. CONCLUSION

The improved behavioral IGBT macromodel for OrCad
PSpice simulator is presented. In the new model, like real
IGBTs the collector current slightly increases with the
collector-emitter voltage. The developed IGBT behavioral
model is parameterized and it is implemented as a subcircuit
in the OrCad PSpice simulator. The static I-V characteristics
offered by the behavioral model are shown. The tailing of the
anode currents simulated by the behavioral model at a
constant anode voltage-switching test are given The good
agreement between the simulation and experimental results
can be observed in the paper as the average error is around
3%.

REFERENCES

[1] Z. Shen, T. P. Chow, “Modeling and characterization of the
insulated gate bipolar transistor (IGBT) for SPICE simulation”,
IEEE Conf. Rec. 5th Int. Symp. Power Semiconductor Devices
and IC’s, pp. 165-170, 1993.

[2] F. Mihalich et al., “IGBT SPICE model”, IEEE Transactions on
Industrial Electronics, vol.42, Nol, pp. 98-105, Feb.1995.

[3] A. Maxim, G. Maxim, “A novel analog behavioral IGBT Spice
model”, IEEE Trans. on Power Electron., pp. 364-369, 1999.

[4] H. S. Oh, M. El Nokali, “A new IGBT behavioral model”, Solid-
State Electron., vol. 45, pp. 2069-2075, Nov. 2001.

[5] A. R. Hefner, D. M. Diebolt, “An experimentally verified IGBT
model implemented in the Saber circuit simulator”, IEEE
Transactions on Power Electronics, vol. 9, No 5 pp. 532-542,
Sep., 1994.

[6] K. Asparuhova, T. Grigorova, “IGBT Spice Behavioral Model
Using the Hammerstein Configuration”, 14™ International
Scientific and Applied Science Conference Electronics ET’2005,
Sozopol, Bulgaria, b.1, pp 71-76, 2005

[7] K. Asparuhova, Tsv. Grigorova, “IGBT behavioral PSpice
model”, Proceedings IEEE 25" International Conference on
Microelectronics MIEL 2006, vol.1, pp. 215-218, Belgrad,
Serbia and Montenegro, 14-17 May 2006,

[8] M. Zhang, A. Courtay, Z. Yang, “An improved behavioral IGBT
model and its characterization tool”, Proceedings IEEE Electron
Devices Meeting, 2000, pp.142-145, Hong Kong, June, 2000

[9] Intersil Designer’s Manuel, 1999.

788



