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Abstract—Insulated-Gate Bipolar Transistor (IGBT) commu-
tation voltage overshoot is a key design consideration for power
stacks, especially in high-power applications. Conventionally, sev-
eral double-pulse tests are required to map the over-voltage stress
on the IGBT under different operating conditions, e.g., current
loading and temperature, which is time- and resource-consuming.
Thus, this paper proposes a physics-based IGBT model, which
can be used for predicting the commutation voltage overshoot for
MW-level power converters through simulation. The proposed
IGBT model is based on a lumped-charge approach, where
the temperature-dependent behavior of the IGBT is taken into
consideration. A step-by-step model parameters identification
process is also provided. The accuracy of the proposed IGBT
model has been validated by comparing the predicted results
with the experimental results under various operating conditions
and achieving an error well below 2 %.

Index Terms—Insulated-gate bipolar transistor (IGBT),
lumped-charge model, physical model, temperature, robustness.

I. INTRODUCTION

Reliability and robustness are important aspects of the
power converter, especially in high-power applications (e.g.,
MWe-level power converters) [1]. For the robust design of
power stacks, the IGBT commutation voltage overshoot is a
key design consideration. The MW-level power stack normally
utilizes a busbar for the electrical connection. During the
IGBT commutation (e.g., turn-off), the voltage overshoot will
occur due to the parasitic inductance Lg4., as illustrated in
Fig. 1 [2]-[4]. In order to ensure a robust design of the
IGBT, a certain design margin between the maximum voltage
overshoot and the IGBT blocking voltage capability needs to
be allocated [1]. Conventionally, this is done through multiple
testing conditions, where a double-pulse test is applied to
the power stack under various current loading and operating
temperature conditions to map the commutation voltage over-
shoot under various operating conditions [5]. However, this
approach requires intensive testing, which is time-consuming
and usually it slows down the product development cycle.

An alternative solution is to use a model-based approach
to predict the overshoot voltage through simulations [6]. This
approach offers a more time- and resource-effective solution,
where minimum testing efforts are required. In order to be able
to simulate the switching dynamics of the IGBT during the
commutation, a physics-based IGBT model is required. While
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Fig. 1. Power stack circuit and the commutation voltage overshoot during
IGBT turn-off due to the parasitic inductance L.

several physics-based IGBT models (e.g., SPICE model) are
available for low-power IGBTs [7], a very limited number of
models have been developed for high-power applications, as
they are either very complex or incur in terms of convergence
issues. To solve this problem, a lumped-charge model has been
proposed for high-voltage/high-power IGBTs in [8], [9], where
the dynamic switching behavior of the IGBT was accurately
modeled. However, the original lumped-charge model did not
include the temperature-dependency behavior of the IGBT.
Thus, it cannot accurately predict the commutation voltage
overshoot of the IGBT under a wide range of operating
temperature conditions, which is normally the case in the
power stack in real applications.

Moreover, the lumped-charge IGBT model requires proper
model parameters identification method for both the static
and dynamic characteristics. In general, the parameters of
the IGBT model can either be obtained from the datasheet
of the IGBT or the experimental test [10]-[12]. However,
without a proper model parameters identification process, a
large number of iterations are usually required until both
the static and dynamic characteristics of the lumped-charge
IGBT model can be matched, especially under various op-
erating temperature conditions [13], [14]. This parameters
identification complexity limits the benefit of the physics-
based IGBT model in practical applications. Therefore, a step-
by-step model parameters identification guideline is required,
which has not been addressed in previous research.



In this paper, a new physics-based IGBT model is presented,
where a temperature-dependent lumped-charge approach is
proposed in order to achieve a more resource-effective analysis
tool for the robust design of the power stack. The rest of this
paper is organized as follows: the description of a physics-
based lumped-charge IGBT model is provided in Section II.
Then, a step-by-step model parameters identification process
is presented in Section III, which includes the pre-calculated
parameters and the tuning of static and dynamic performance
of the IGBT model. In Section IV, the model accuracy
is validated by comparing the simulation results with the
experiments. The results have demonstrated that the proposed
model can predict the overshoot voltage of the IGBT over a
wide range of operating conditions with errors below 2 %.
The application of the proposed model with the parameter
sensitivity analysis is also demonstrated in Section V. Finally,
concluding remarks are provided in Section VI.

II. PHYSICS-BASED LUMPED-CHARGE IGBT MODEL

In the lumped-charge model, the IGBT is modeled by sub-
dividing into several regions. Each region is then characterized
by constant doping and/or carrier lifetime [8]. The behavior of
each device region is characterized by the charges gp;, which
are the minority carrier concentrations and it is normalized to
the volume of the region as

Gi=q A -wi-p(i) (1)

where ¢ is the electron charge, A is the area, wj is the thickness
of the region and p(i) is the concentration of minority carriers
at the point ¢. Then, the boundary conditions of each region
follow the junction law and the mass action together with the
Kirchhoff’s laws.

The lumped-charge IGBT model is subdivided into two
parts: 1) Bipolar subcircuit and 2) Unipolar subcircuit, as it
is illustrated in Fig. 2. The description of each part will be
discussed in the following, while more details of the lumped-
charge IGBT model can be found in [8]:

A. Bipolar Part of the Model

The bipolar part of the model represents the collector, base,
body, and emitter regions of the IGBT. For the base and body
regions, the current generators are implemented between the
two adjacent nodes, e.g., ¢ and j, to represent the hole current
1p;j and the electron current 4,4 as in the following:

, Qi —doj | Ipj Vi
Zp i = APt 7P + Py 7Y
, T T
o5 p.ij T (2)
i o= Ipi i B + Qv vy
n,1j -
Tn,ij Tn,ij vt

where T,;; and T,; are the hole and electron transit time
between nodes ¢ and j, vj; is the voltage drop between node
i and j, vr is the thermal voltage, and Q)y; is the normalized
majority concentration at node <.

In this work, the total of four current generators are placed,
where the circuit model can be subdivided into two branches
following the flow of hole and electron currents, as it is
illustrated in Fig. 2.
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Fig. 2. Lumped-charge model of the used IGBT [8].

B. Unipolar Part of the Model

The unipolar part of the IGBT model includes the MOSFET
model, which injects the electron current into the bipolar part.
The turn-on and turn-off of the device can be controlled by the
gate voltage. The non-linear dynamic behavior of the MOS-
FET is represented by a series voltage-controlled generator
and the capacitance. The voltage-controlled generator can be
implemented with the following expression:

-
VDG+VH(17 1+ ;}G) when Vbg > 0

0, when Vpg <0

V:iep = (3)

where V, is a normalization factor, which is dependent on the
doping and Vpg is the drain-gate voltage of the MOSFET.

III. PROPOSED IGBT MODEL PARAMETERS
IDENTIFICATION METHOD

The proposed model parameters identification method con-
sists of three main parts: 1) Pre-calculated parameters, 2)
Tuning of static performance, and 3) Tuning of dynamic per-
formance. The overall model parameters identification process
is illustrated in Fig. 3, and it will be discussed in the following.

A. Pre-calculated Parameters

First, a certain set of parameters for the lumped-charge
IGBT model can be obtained from the key electrical pa-
rameters of the IGBT, which are normally provided in the
datasheet. This includes the rated (continuous DC) collector
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Fig. 3. Overall workflow diagram of the proposed IGBT model parameters
identification process.

current I.om and the rated blocking voltage Vg of the IGBT.

These parameters are used for determining the chip area A,

doping concentration of the N-region Ny, and the width of

the base region W, of the IGBT as given in the following:
1) Chip Area A:

Icnom

Jtn
where Jy, is the current density. Alternatively, the chip area
can also be measured physically (if it is accessible).
2) Doping Concentration of the N-Region Nj:
(Eert)? -
2-Vees - q
where E; is the critical electric field, g is the electron charge,
and ¢ is the permittivity of the material.
3) Width of the base region W:
2 - Vs
Eerit

A

“4)

Ny &)

Wh (6)

B. Tuning of Static Performance

The static performance of the IGBT model needs to be
tuned to match the datasheet (or experimental) data. First, the
output characteristic of the IGBT needs to be tuned at different
gate voltage biases V.. This static characteristic determines
the relationship between the on-state voltage drop of the
IGBT V,. at a given collector current I, and at different gate
voltage biases Ve, as it is shown in Fig. 4. This characteristic
is mainly dictated by the Transconductance parameter Kpp,
which determines the slope of the curve following:

1) Transconductance Parameter K,:

I
(Vge - th)vce - %VQ’

ce

when V:ge — Vin > Vee

Kpm = (N

C
(Vee = Vin)?’
where Vj, is the threshold voltage of the IGBT.
Then, the output characteristic of the IGBT needs to be
tuned at different operating temperatures 7, as it is shown
in Fig. 5. This static characteristic determines the relationship
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Fig. 4. Output characteristic of IGBT at different gate voltage biases Ve
conditions.

between the on-state voltage drop of the IGBT at a given col-
lector current and at different chip temperature. The parameter
of the IGBT model that dictates this characteristic is the Body
Effect coefficient v, which should be temperature-dependent to
represent the effect of the voltage drop at different temperature
conditions following:

2) Body Effect Coefficient :

ki
273 + T,
o ( 208 )
where 7y is the Body Effect coefficient at T; = 25 °C and k;
is a scaling factor.

The transfer characteristic of the IGBT is another important
static characteristic, which determines the relationship between
the gate-emitter voltage of the IGBT V. at a given collector
current I and at different chip temperatures T;, as it is shown
in Fig. 6. This characteristic can be tuned through the zero-bias
threshold voltage Vrgy, which is also needed to be modeled

as a temperature-dependent parameter following:
3) Zero-bias Threshold Voltage Vipy:
) k2

where Vromp is the zero-bias threshold voltage at T;; = 25 °C
and k; is a scaling factor.

()

v

273 + T

2908 ©)

Viom = VTOMO(

C. Tuning of Dynamic Performance

The tuning of the IGBT dynamic performance requires
experimental tests (e.g., double-pulse testing), where the IGBT
model can be tuned by comparing the double-pulse test
results between the experiments and simulations. However,
in this case, only two experimental double-pulse tests at the
maximum and minimum operating temperature conditions are
required, which minimizes the testing efforts.

First, the turn-off switching behavior at one of the operating
temperatures (e.g., at Ty; = 25 °C) is used for determining the
nominal value of: 1) Gate resistance Ry, which affects the
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Fig. 5. Output characteristic of IGBT at different operating temperature Ty
conditions.
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Fig. 6. Transfer characteristic of IGBT at different operating temperature 7Tv;
conditions.

turn-off delay time and the slope of the collector-emitter volt-
age V., 2) Stray inductance Lg. (i.e., busbar and parasitic in-
ductance), which affects the voltage overshoot, and 3) Carrier
lifetime T}, which affects the tail current of the IGBT during
turn-off. The results during the IGBT turn-off commutation at
T,; = 25 °C are shown in Figs. 7 and 8, where the simulation
results are compared with the experiments. Afterwards, the
experimental test at another operating temperature (e.g., at Ty;
= 150 °C) is used for modeling the temperature-dependent
behavior of the gate resistance R, and carrier lifetime T5,.

The delay time and the slope of the collector-emitter volt-
age during turn-off characteristics are strongly temperature-
dependent. In order to include this dependency in the model,
the (internal) gate resistance should be modeled with a
temperature-dependent value following:

1) Gate Resistance R,:

R, = Ry+AR(T,—25) (10)

where Ry is gate resistance at T,; = 25 °C and AR is the
change in the resistance with temperature.

Similarly, the tail current characteristic of the IGBT is
strongly dependent on the temperature condition of the device.
In order to include this behavior in the model, the carrier
lifetime of the IGBT T}, needs to be modeled as a temperature-
dependent parameter. According to the literature [7], the
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Fig. 7. Experiment (exp) and simulation (sim) of the collector-emitter voltage
Vee during turn-off at different temperature 7;.
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Fig. 8. Experiment (exp) and simulation (sim) of the collector-emitter current
I¢ during turn-off at different temperature 7Ty

temperature-dependent carrier lifetime 7} can be modeled as
the following:
2) Carrier Lifetime T):

073+ 7\
T | 22224
b0 ( 298 )

where Ty is the carrier lifetime at 7y; = 25 °C and k3 is a
scaling factor.

By modeling the above parameters with temperature-
dependent behavior, the dynamic performance during the turn-
off of the IGBT under different operating temperatures can
be captured, as it is shown in Figs. 7 and 8. Notably, the
static characteristics need to be verified after the dynamic
characteristics are tuned. In some cases, one more iteration
is required to re-adjust the static performance parameters with
the same procedure as previously discussed, and following the
workflow diagram of Fig. 3.

T, = (1)

IV. MODEL ACCURACY VALIDATION (EXPERIMENTS)

The simulation results during voltage commutation (i.e.,
turn-off) are compared with the experimental results under
various operating conditions to validate the model accuracy. A
commercially-available 1700V/1800A IGBT is considered as
a case study [15]. The lumped-charge IGBT model parameters
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Fig. 9. Experiment (exp) and simulation (sim) of IGBT turn-off switching
transition under the loading current I. of: a) 800 A, b) 1000 A, and c) 1600
A (T =25 °C).

identification has been carrier out based on the datasheet and
the double-pulse test at only two operating conditions: 1) I,
= 1000 A, Ti; = 25 °C and 2) I. = 1000 A, T;; = 150 °C.

A. Load Current Variation

A load current of the IGBT between I, = 400 A and I,
= 1800 A is considered during the test, while the operat-
ing temperature is 7i; = 25 °C. The switching waveforms
during turn-off commutation are shown in Fig. 9(a), where
the experimental and simulation results at I. = 800 A are
demonstrated. It can be seen from the results that the dynamic
switching behavior of the IGBT can be accurately predicted
with the proposed model. This can be seen from the slope
of the voltage and current as well as the overshoot voltage
during the commutation. The other operating conditions at
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Fig. 10. Experiment (exp) and simulation (sim) of IGBT turn-off switching
transition under the operating temperature Ty; of: a) 50 °C, b) 100 °C, and
c) 150 °C (I = 1600 A).

I. = 1200 A and I, = 1600 A are shown in Figs. 9(b) and
9(c), respectively. It can be noticed from the case where I. =
1200 A and I. = 1600 A that the overshoot voltage during
the commutation increases (compared to the case with I, =
800 A) due to an increase in the collector current and its
derivative (d1./dt). Nevertheless, the proposed model can also
accurately model the turn-off behavior over a wide range of
load current conditions, where the overshoot voltage during the
commutation is very closely matched with the experiment.

B. Operating Temperature Variation

The accuracy of the proposed model is also validated under
different operating temperature conditions, as it is shown in
Fig. 10. The experimental tests have been carried out by
varying the operating temperature from 7y; = 25 °C to T;
= 150 °C while the load current is kept at I. = 1600 A. From
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the switching waveforms under the operating temperature of
T,; =50 °C, T,; = 100 °C, and T,; = 150 °C in Fig. 10, it can
be noticed that the slope of I. (and also V.) during the voltage
commutation decreases as the operating temperature increases
from T}; = 50 °C to Ty; = 150 °C. As a consequence, the
overshoot voltage is decreased as the operating temperature
is increasing. Moreover, the tail-current of the IGBT also
increases at 1.; = 150 °C. The proposed IGBT model can
predict these behaviors accurately, where the simulation results
agree well with the experiments.

C. Result Summary

The overshoot voltage (i.e., peak V..) under different load
current I, and operating temperature 1y conditions are sum-
marized in Figs. 11 and 12, respectively. In general, the
overshoot voltage increases as the load current increases. This
is mainly due to the increase in the dI./dt at the higher load
currents following the results in Fig. 11. According to the
results, the overshoot voltage can be accurately predicted over
a wide range of load current conditions. The maximum error
in the overshoot voltage prediction is 28 V (i.e., 1.89 %) which
occurs when I, = 1800 A. In contrast, the overshoot voltage
decreases when the operating temperature increases, as it is
shown in Fig. 12. At the high operating temperature (e.g., T\
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Fig. 13. Turn-off transition of the IGBT (simulation) with different stray
inductance Lg. values: (a) collector-emitter current I and (b) collector-emitter
voltage Vee.

= 150 °C), the overshoot voltage decreases since the IGBT
switching dynamic is slower (e.g., lower switching speed) and
thus lower dI/dt. In this case, the maximum error is 22 V
(i.e., 1.56 %), which is when T; = 150 °C.

V. PARAMETER SENSITIVITY ANALYSIS

Another advantage of the model-based overshoot voltage
prediction approach is its ability to analyze the uncertainty
due to parameter variations, which usually occur in practical
applications. In this section, the parameter sensitivity analysis
is carried out with the proposed model, where the variations in
the stray inductance of the busbar L4. and the gate resistance
R, are taken into consideration.

A. Stray Inductance of the Busbar

The stray inductance of the busbar L4, in many cases,
varies in a certain range from one power stack to another.
Therefore, it is important to analyze the sensitivity of the
overshoot voltage due to the stray inductance variation. The
overshoot voltage when the stray inductance value varies from
Lg4. = 6 nH to Ly, = 10 nH is demonstrated in Fig. 13. In this
case, the overshoot voltage (i.e., the peak value of V..) varies
from 1356 V to 1403 V. This indicates the robustness design
margin which needs to be allocated due to the variation in the
stray inductance of the busbar.
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B. Gate Resistance

The gate resistance value R, may also vary to a certain
range in practice. The impact of gate resistance variation on
the overshoot voltage is demonstrated in Fig. 14, where the
gate resistance value between R, = 0.31 Q and R, = 0.51 Q
is considered. It can be seen from the results that the slope
of the collector-emitter voltage V.. changes significantly with
the variation of the gate resistance. However, the overshoot
voltage only varies from 1373 V to 1390 V. This indicates that
the overshoot voltage is less sensitive with the gate resistance
variation (compared to the stray inductance of the busbar).
Nevertheless, the variation in the gate resistance will affect
the other performance metrics such as power loss, which can
also be analyzed with the proposed IGBT model.

VI. CONCLUSIONS

In this paper, a physics-based IGBT model which is capable
of predicting the commutation overshoot voltage in a busbar
is proposed. The proposed model is based on a lumped-
charge one, which has been modified to include temperature
dependence and thereby improve the model accuracy under a
wide range of operating temperatures. A step-by-step model
parameters identification process is also presented in this
paper, where the tuning of static and dynamic performances
of the IGBT model is discussed. The accuracy of the proposed
model has been verified against experimental results under

a wide range of load currents and operating temperature
conditions. According to the results, the commutation over-
shoot voltage can be accurately predicted with the proposed
model, where the maximum error in the prediction is below
2 %. The proposed model is very useful, e.g., for sensitivity
analysis, where the impact of the parameter variation on the
overshoot voltage can be investigated. This feature has been
demonstrated by considering the parameter variation in the
busbar stray inductance and the gate resistance.
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