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An Analytical Carrier Recombination Turn-Off
Transient Model for High-Voltage IGBTs

Zhiyuan Zhang , Hengxin He , Member, IEEE, Kejie Li , Member, IEEE, Nianwen Xiang , Member, IEEE,
and Weijiang Chen , Senior Member, IEEE

Abstract—High-voltage insulated-gate bipolar transistors (IG-
BTs) have been extensively used in power electronic systems, such
as railway traction inverters, flexible dc transmission systems, and
wind turbines, and it is necessary to investigate transient modeling
of high-voltage IGBTs. Based on the mechanism of the switching
transient, this article proposes a new analytical model for the
turn-OFF process of high-voltage IGBTs. First, considering the
large base width of high-voltage IGBTs, the defect of the first-order
approximation assumptions used in the existing model is analyzed
in detail. Then, by using hyperbolic approximation, an improved
solution method is developed for the transient ambipolar diffusion
equation that considers the influence of carrier recombination in
the base region. Finally, the accuracy of the proposed method is
verified by comparing its simulation results with the experiment
data obtained under the double pulse circuit. Results show that the
proposed analytical model can more accurately simulate switching
behaviors in the turn-OFF process.

Index Terms—Ambipolar diffusion equation (ADE), analytical
transient model, high-voltage, hyperbolic approximation,
insulated-gate bipolar transistor (IGBT), turn-OFF process.

NOMENCLATURE

A Device area (cm2).
b Mobility ratio in the base.
bH Mobility ratio in the field-stop layer.
Cbc base-collector depletion capacitance (F).
D = 2DnDP /(Dn +DP )Ambipolar diffusivity in the

base (cm2/s).
DH = 2DnHDPH/(DnH +DPH)Ambipolar diffusiv-

ity in the field-stop layer (cm2/s).
Dn, p = μn,pkT/q Electron and hole diffusivity in the base

(cm2/s).
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DnH, pH = μnH,pHkT/q Electron and hole diffusivity in the
field-stop layer (cm2/s).

EFn Fermi energy level of electrons (J).
EFp Fermi energy level of holes (J).
EFi Quasi-Fermi potential (J).
Imos MOS channel current (A).
In Electron current in the base (A).
Ip Hole current in the base (A).
InH Electron current in the field-stop layer (A).
IpH Hole current in the field-stop layer (A).
Isne Emitter electron saturation current (A).
IT Anode current (A).
L Diffusion length in the base (cm).
LH Diffusion length in the field-stop layer (cm).
Kp MOS channel transconductance (A/V2).
n Electron concentration in the base (cm−3).
δn Excess electron concentration in the base (cm−3).
nH Electron concentration in the field-stop layer (cm−3).
δnH Excess electron concentration in the field-stop layer

(cm−3).
ni Intrinsic carrier concentration (cm−3).
NB Base doping concentration (cm−3).
NH Field-stop layer doping concentration (cm−3).
p Hole concentration in the base (cm−3).
pC Charge control component in the base (cm−3).
pH Hole concentration in the field-stop layer (cm−3).
δp Excess hole concentration in the base (cm−3).
δpH Excess hole concentration in the field-stop layer

(cm−3).
PL0 Hole concentration at x = 0 (cm−3).
PH0 Hole concentration at xH = 0 (cm−3).
PHW Hole concentration at xH = WH (cm−3).
Q Unit electron charge ( = 1.6×10−19 C).
Q Total carrier charge (C).
QL Charge stored in the base region (C).
QH Charge stored in the field-stop layer charge (C).
τ Lifetime in the base (s).
τH Lifetime in the field-stop layer (s).
T Junction temperature (K).
μn,p Electron and hole mobility in the base (cm2/V·s).
μnH,pH Electron and hole mobility in the field-stop layer

(cm2/V·s).
VAC IGBT anode-cathode voltage (V).
Vbc Base-collector voltage (V).
Vbi Built-in junction potential (V).
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Veb Emitter–base junction voltage (V).
Vgs IGBT gate-cathode voltage (V).
ϕnej,pej Quasi-Fermi potentials of electrons and holes at

anode-base junction (V).
VT Threshold voltage (V).
W Quasi-neutral base width (μm).
Wb Base width (μm).
Wbc Base-collector depletion width (μm).
WH Field-stop layer width (μm).

I. INTRODUCTION

INSULATED-GATE bipolar transistors (IGBTs) are widely
used in power electronic systems (PESs) of industry ap-

plications such as wind turbines. Railway traction inverters,
and flexible dc transmission systems [1], [2]. With the rapid
development of new energy generation, flexible dc transmission
systems, and electric vehicles, IGBTs have become the most
critical switching power semiconductor in high-voltage systems
[3], [4]. An accurate transient IGBT model is the key to the
design of the devices and systems [5]. This article focuses
on modeling the turn-OFF process, which helps to predict the
electromagnetic compatibility problem, overvoltage problem,
and switching loss [6], [7], [8].

Existing IGBT models can be classified into behavior models
and physical models [9]. When behavior models are applied
to the design and transient analysis of systems, they are not
sufficient and must be substituted by physical models, which
can not only achieve high accuracy but also support a detailed
analysis of the transient process [10].

In recent years, many physical models have been proposed,
such as the Hefner model, the lumped charge model, the Fourier-
series-based (FSB) model, etc. The effects of conductivity mod-
ulation on the terminal characteristics of a semiconductor device
were analyzed without considering the influence of moving
boundaries in the transient process [11], [12]. Transient char-
acteristics of Schottky injection FETs were investigated based
on two-dimensional (2-D) numerical simulations [13], [14].
Hefner proposed the first-order approximation to establish a
transient model based on the analysis of the effect of the moving
depletion edge boundary [15], [16]. Based on this, Ji et al.
[17], [18] considered the influence of carrier concentration on
carrier lifetime. Based on the first-order approximation, Luo et
al. [19] took the carrier recombination in the base region and
the injection level in the buffer layer into consideration, which
was ignored by Hefner in the analysis. Kraus and Hoffmann
adopted a polynomial distribution to approximate the transient
carrier concentration [20], [21]. Lauritzen and Ma [22] proposed
the lumped charge model for power devices. Iannuzzo and
Busatto [23] modified the lumped charge method and presented
a more general methodology for implementing the model into a
circuit form. Duan et al. [24], [25] improved the accuracy of the
lumped-charge IGBT model. Leturcq et al. [26] first proposed to
employ the Fourier transform to solve the ambipolar diffusion
equation (ADE). Then, Palmer applied the method to IGBT and
constructed the FSB IGBT model and continuously improved
it [27], [28], [29], [30]. Liu et al. [31], [32] investigated the
extraction method of the parameters of the FSB model. Bonyadi

Fig. 1. Diagram of the high-voltage IGBT structure (conduction state).

et al. [33] further considered the 2-D effect. Xue et al. [34]
employed the Fourier-series solution of ADE at all injection
levels to characterize the excess carrier transport in the N-base.

Among the existing models, the FSB model and the lumped
charge model perform Fourier transform and simplification
based on the point-charge assumption for the carriers. How-
ever, the parameters in the FSB model do not have practical
physical significance. The lumped charge model cannot be used
to analyze the carrier transport process and has some defects
in convergence. In contrast, the Hefner model does have the
non-convergence problem, and all the parameters in the model
have physical significance.

Nevertheless, the Hefner model is established for middle-to-
low voltage IGBTs, and the recombination of carriers is ignored
in the model. For the high-voltage IGBT (Infineon, 1.7 kV),
the base width is much higher than the ambipolar diffusion
length. In this case, the recombination of carriers cannot be
ignored, and the first-order approximation of the Hefner model
is not applicable. Therefore, it is necessary to analyze the special
characteristics of the high-voltage IGBT in the turn-OFF process
and establish a transient model suitable for the high-voltage
IGBT.

In this article, a new analytical transient model is proposed
for analyzing the turn-OFF process of high-voltage IGBTs. Com-
pared with the existing models, the proposed model adopts a
hyperbolic approximation of carrier distribution to make it more
suitable for high-voltage IGBT.

The rest of this article is organized as follows. In Section II, the
defects of the existing first-order approximation are analyzed,
and the proposed transient model is introduced. In Section III,
the accuracy of the proposed model is verified based on the
experimental data. Finally, Section IV concludes this article.

II. MODEL DESCRIPTION

Fig. 1 shows the structure of the common high-voltage IGBT,
with special structures such as the field-stop layer and the
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Fig. 2. Ambipolar diffusion process of carriers in the base and field-stop region
in the turn-OFF stage.

trench gate. The IGBT can be regarded as a composite structure
composed of a metal-oxide-semiconductor field-effect transistor
(MOSFET) and a bipolar junction transistor (BJT). The MOSFET

provides a gate drive current for the BJT. To distinguish from
BJT terminals, the high-voltage and low-voltage terminals of the
IGBT are marked as anode and cathode. The anode and cathode
of the IGBT are the emitter and collector of the BJT, respectively.
The ambipolar diffusion of the carriers in the base determines
the performance of the IGBT, and the MOSFET channel formed
below the gate provides the most carriers for the recombination
in the base.

To turn OFF the IGBT, the gate voltage decreases rapidly
below the threshold voltage, which removes the MOSFET channel
quickly. Meanwhile, the IGBT slowly consumes excess carriers
stored in the base region and the field-stop layer, and this is
the main process in the turn-OFF stage. It should be noted that
the regions near the cathode and gate will be covered by the
depletion layer in a very short time, as shown in Fig. 2. Therefore,
the trench gate structure has little impact on the turn-OFF process
and is not considered in this article. The carrier transport process
in the base region and the field-stop layer can be approximately
considered to be 1-D in the turn-OFF stage, as shown in Fig. 3.

The base region can be divided into the quasi-neutral region
and the depletion region. The voltage drop in the depletion
layer accounts for most of the IGBT anode-cathode voltage
(VAC = Vbc) in the turn-OFF stage. In the transient process, the
boundary of the depletion layer moves as the anode-cathode
voltage changes. Meanwhile, the ambipolar diffusion process
in the quasi-neutral region and the field-stop layer transports
electrons generated by the movement of the base-collector de-
pletion region. Thus, to model the turn-OFF behavior, the key is
to analyze the bipolar transport processes in the neutral region
and the field-stop layer under the moving boundary. In the
conduction state, the carrier distribution can be obtained by
solving the steady-state ADE, which is a hyperbolic function.

Fig. 3. Coordinate system used in bipolar transistor base modeling.

However, under a moving boundary, the transient ADE cannot
be solved analytically, making it difficult to model the transient
process.

Under the high-injection condition (δn+NB = δp+ n2
i /

NB ≈ n = p), the transport of carriers in the neutral region can
be described accurately by the ADE

∂2p

∂x2
=

p

L2
+

1

D

∂p

∂t
. (1)

In the switching transient process, the anode-cathode voltage
VAC changes continuously, and the width of the depletion

layer changes accordingly, so the ambipolar diffusion in the
neutral region can be formulated as a moving boundary problem
(MBP). Solving this MBP is the most important part of modeling
the transient process.

A. The Inadequacy of the Existing First-Order Approximation

The Hefner model is established for middle-to-low voltage
IGBTs, where the base width is narrow and much smaller than
the ambipolar diffusion length (Wb � L). Therefore, the recom-
bination of carriers is ignored in the existing models, indicating
that the term p

L2 in (1) can be ignored. The ADE can be simplified
into the following form:

∂2p

∂x2
=

1

D

∂p

∂t
. (2)

For the existing models, a solution method has been developed
based on first-order approximation (linear approximation) for
(2). In this approximation, the carrier distribution is considered
to consist of a linear charged control component plus a redistribu-
tion component due to the moving boundary of the base-collector
depletion region. The redistribution component is assumed to
be a small perturbation on the linear distribution, and it only
changes the distribution of carriers and does not change the
total number of carriers, as illustrated in Fig. 4. This assumption
has been proven to be applicable in the narrow base width of
middle-to-low voltage IGBTs. However, this linear assumption
is not applicable to high-voltage IGBTs.

For high-voltage IGBTs, the base width is much larger than
the ambipolar diffusion length (Wb � L), and the recombina-
tion of carriers cannot be ignored during the switching transient,
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Fig. 4. Distribution of carrier concentration considering the effect of moving
boundary of the depletion layer simplified by the first-order approximation.

indicating that the term p
L2 in (1) must be considered. By making

the existing first-order approximation to (1) and integrating it, p
can be obtained as follows:

p (x, t) = PL0 (t)

[
1− x

W (t)
− xW (t)

3L2
+

x2

2L2
− x3

6L2W (t)

]

+
PL0 (t)

D

dW (t)

dt

[
x

6
− x2

2W (t)
+

x3

3W (t)2

]
. (3)

Based on the carrier concentration distribution, the charge
stored in the base region QL can be obtained as follows:

QL=

∫ W (t)

0

qAp (x, t) dx=
qAWPL0 (t)

2

(
1− W 2

12L2

)
. (4)

It can be seen from (4) that the first-order approximation is
not applicable to high-voltage IGBTs mainly for two reasons:

1) In the first-order approximation, it is assumed that the
redistribution component only changes the distribution of
carriers and does not change the total number of carri-
ers. However, in high-voltage IGBTs, the redistribution
component changes the total charge that should be equal
to the linear charged control component (qAWPL0/2).
After making the first-order approximation to (1), QL

differs greatly from qAWPL0/2, and this contradicts the
assumption.

2) For high-voltage IGBTs, the base width is much larger
than the ambipolar diffusion length (Wb � L), indicating
that the value of QL calculated by (4) will be negative, and
this is incorrect.

Due to the above two reasons, the existing first-order approx-
imation is not suitable for high-voltage IGBTs. Therefore, it is
necessary to develop a new method that can be used to solve
the ADE under the moving boundary condition for high-voltage
IGBTs.

B. Proposed Hyperbolic Approximation

First, the existing first-order approximation is investigated as
a reference for the proposed new method. Without considering
the effect of the time-varying term, (2) can be transformed

Fig. 5. Distribution of carriers considering the effect of moving boundary
simplified by the hyperbolic approximation proposed in this article.

into a Laplace equation, and the solution to this equation un-
der the corresponding boundary conditions [PL(x = 0) = PL0,
PL(x = W ) = 0] is a linear function. Therefore, existing mod-
els adopt the first-order approximation (linear approximation)
and assume that the charge control component conforms to linear
distribution.

For the high-voltage IGBT, the carrier diffusion equation is
shown in (1). In this article, a new approximation is used: the
carrier distribution is composed of a charged control component
and a redistribution component due to the moving boundary;
meanwhile, the redistribution component is assumed to be a
small perturbation on the charged control component, which
only changes the distribution of carriers and does not change
the total number of carriers, as shown in Fig. 5.

The distribution of the charge control component is ana-
lyzed first. When the effect of the time-varying term is ig-
nored, (1) can be transformed into Poisson’s equation. Under
the boundary conditions of the base region [PL(x = 0) = PL0,
PL(x = W ) = 0], it is reasonable to assume that the charge
control component pC conforms to the hyperbolic distribution:

pC = PL0

sinh
(
W−x
L

)
sinh

(
W
L

) . (5)

The total charge of the charge control component can be
obtained:

QL =

∫ W (t)

0

qApC (x, t) dx =
qALPL0

sinh
(
W
L

) [cosh(W

L

)
− 1

]
(6)

Since the redistribution component only changes the distribu-
tion of carriers without changing the total charge, (7) shown at
the bottom of next page, must be satisfied. Based on this, ΔPL0

and ΔW satisfy the following relationship:

ΔPL0

ΔW
= − PL0

Lsinh
(
W
L

) . (8)
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∂p
∂t can be obtained from (5) and (8):

∂p

∂t
=

PL0

L

sinh
(
x
L

)− sinh
(
W−x
L

)
[
sinh

(
W
L

)]2 dW

dt
(9)

The carrier concentration p can be calculated through (1), (5),
and (9), as represented in (10) shown at the bottom of this page.

For the ambipolar diffusion, the transport of electrons and
holes in the base are described as

In =
b

1 + b
IT + qAD

dp

dx
(11)

Ip =
1

1 + b
IT − qAD

dp

dx
. (12)

Therefore, the electron and hole currents in the base region
can be calculated by (10)–(12), as expressed by (13) and (14)
shown at the bottom of this page. Note that on the right side of
(13) and (14), only IT, PL0, and W are variables, and the rest of
the parameters are constants.

The above discussion has completed the analysis and cal-
culation of the distribution of carriers and current components
in the quasi-neutral region of the base region. Next, the trans-
port of carriers in the field-stop layer is analyzed. Consid-
ering the high-injection condition (δnH +NH = δpH + n2

i /
NH ≈ nH = pH), similar to (1), the transport of carriers in the
field-stop layer can be represented as follows:

∂2pH
∂xH

2
=

pH

LH
2 +

1

DH

∂pH
∂t

. (15)

The excess hole concentrations at the boundaries of the field-
stop layer are given as

pH (0, t) = PH0, pH (WH , t) = PHW . (16)

As demonstrated in Fig. 6, according to the energy band
theory, when using the quasi-equilibrium simplification at the
boundary between the field-stop layer and the base, the following
relationship should be satisfied:

PHW (PHW +NH) = PL0 (PL0 +NB) . (17)

Fig. 6. Schematic diagram of the carrier distribution in the field-stop layer and
the base under the moving boundary of the depletion layer.

Since both the field-stop layer and the base region are in a
high-level injection state (PHW � NH , PL0 � NB), (17) can
be simplified as

PHW = PL0. (18)

In the high-voltage IGBT, the field-stop layer is designed to
be very thin and has a much smaller length than the ambipolar
diffusion length, so it can be assumed that WH � LH . Existing
studies have proven that the carriers can be considered to be
distributed linearly in the field-stop layer [34], [35]. pH can be
obtained as follows:

pH (xH , t) = PH0 +
PHW − PH0

WH
xH . (19)

Based on the distribution of carriers in the field-stop layer,
the charge stored in the field-stop layer QH can be obtained as
follows:

QH =

∫ WH

0

qApH (xH , t) dx =
qAWH (PHW + PH0)

2
.

(20)
The transport of electrons and holes in the field-stop can be

also described by (11) and (12). The electron and hole currents

qAL (PL0 +ΔPL0)

sinh
(
W+ΔW

L

) [
cosh

(
W +ΔW

L

)
− 1

]
=

qALPL0

sinh
(
W
L

) [cosh(W

L

)
− 1

]
. (7)

p (x, t) = PL0

sinh
(
W−x
L

)
sinh

(
W
L

) − PL0L

Dsinh
(
W
L

) dW
dt

[
sinh

(
W−x
L

)− sinh
(
x
L

)
sinh

(
W
L

) +
2x

W
− 1

]
. (10)

In (x, t) =
b

1 + b
IT − qADPL0

L

cosh
(
W−x
L

)
sinh

(
W
L

) +
qAPL0

sinh
(
W
L

) dW
dt

[
cosh

(
W−x
L

)
+ cosh

(
x
L

)
sinh

(
W
L

) − 2L

W

]
(13)

Ip (x, t) =
1

1 + b
IT +

qADPL0

L

cosh
(
W−x
L

)
sinh

(
W
L

) − qAPL0

sinh
(
W
L

) dW
dt

[
cosh

(
W−x
L

)
+ cosh

(
x
L

)
sinh

(
W
L

) − 2L

W

]
(14)
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in the field-stop layer can be obtained, as expressed by

InH (xH , t) =
bH

1 + bH
IT + qADH

PHW − PH0

WH
(21)

IpH (xH , t) =
1

1 + bH
IT − qADH

PHW − PH0

WH
. (22)

Since the current needs to be continuous at the boundary be-
tween the field-stop layer and the base, the following relationship
should be satisfied:

InH (WH , t) = In (0, t) (23)

From (13) and (21), (23) can be transformed into (24) shown
at the bottom of this page. Combining (18), PH0 and PL0 satisfy
the relationship expressed in (25) shown at the bottom of this
page.

Based on the proposed hyperbolic approximation, the above
discussion has completed the analysis and calculation of the
distribution of carriers in the base and the field-stop layer in
the turn-OFF process. In the following section, the relationship
between the anode-cathode voltage VAC and the anode current
IT during the switching transient will be investigated.

C. Relationship Between dVAC and IT During the Turn-off
Process

It should be noted that in the above analysis, auxiliary vari-
ables such as PL0, PH0, and PHW are used to represent the
current and concentration of carriers. In the following analysis,
these variables variables will be eliminated, and the relational
expression containing only three variables IT, VAC, and Q can
be obtained. This is a common practice in existing models
because it is conducive to the simplification and simulation of
the model. During the turn-OFF transient, the voltage drop in the
depletion layer between the base and the collector accounts for
the majority of the anode-cathode voltage of the IGBT, and it can
be approximated that VAC = Vbc. According to semiconductor
physics, the width and voltage of the collector-base depletion
layer satisfy the following relationship [36]:

Wbc =

√
2εsi (Vbi + Vbc)

qNB
≈

√
2εsiVAC

qNB
. (26)

Based on (26), the relationship between the quasi-neutral base
width W and the anode-cathode voltage VAC can be obtained

W = Wb −Wbc = Wb −
√

2εsiVAC

qNB
. (27)

Based on (27), dW
dt , dVAC

dt and VAC satisfy the following rela-
tionship:

dW

dt
= −

√
εsi

2qNBVAC

dVAC

dt
= −1

2

Wbc

VAC

dVAC

dt
. (28)

The base-collector depletion capacitance Cbc is given by

Cbc =
Aεsi
Wbc

. (29)

The electron current at the boundary between the depletion
layer and the base (x = W ) consists of the displacement current
of the base-collector junction depletion capacitance and the
MOS channel current, and it has the following relationship:

Imos + Cbc
dVAC

dt
= In (x = W ) . (30)

The MOS channel current can be calculated by [37]

Imos =

⎧⎪⎨
⎪⎩

0 1©
KP

(
Vgs − VT − VAC

2

)
VAC 2©

KP (Vgs−VT )2

2 3©
. (31)

The three formulas in (31) correspond to the three situations
that 1© Vgs ≤ VT , 2© VAC ≤ Vgs − VT and Vgs > VT , and 3©
VAC > Vgs − VT , and Vgs > VT , respectively.

The electron current at the collector edge of the base
In(x = W ) can be calculated by (13), as shown in (32) shown at
the bottom of next page. Then, the expression of dVAC

dt contains
the auxiliary variable PL0, which needs to be eliminated

Based on (6) and (20), the charge stored in the base and the
field-stop layer can be obtained, as shown in (33) shown at
the bottom of next page. By combining (18), (25), and (33),
the relationship between Q and PL0 can be obtained

PL0 =
Q− W 2

HIT
2DH

(
bH

1+bH
− b

1+b

)
qA

(
W1 +

W2τH
VAC

dVAC
dt

) (34)

where W1 and W2 are given by

W1 = WH +
cosh

(
W
L

)− 1

sinh
(
W
L

) L+
DW 2

Hcoth
(
W
L

)
2DHL

(35)

W2 =
W 2

HWbc

4DHτHsinh
(
W
L

)
[

cosh
(
W
L

)
+ 1

sinh
(
W
L

) − 2L

W

]
(36)

Using (34), the PL0 in the expression of dVAC
dt can be elimi-

nated. The relationship between dVAC
dt , VAC, IT, and Q can be

obtained by combining (28), (32), and (34), as shown in (37)

bH
1 + bH

IT + qADH
PHW − PH0

WH
=

b

1 + b
IT − qADPL0

L

cosh
(
W
L

)
sinh

(
W
L

) +
qAPL0

sinh
(
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+ 1
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]
(24)
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[
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(
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+ 1

sinh
(
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]
. (25)
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shown at the bottom of this page. QE is given by

QE = Q− W 2
HIT

2DH

(
bH

1 + bH
− b

1 + b

)
. (38)

It is worth noting that each variable on the right side of (37)
can be calculated from the three basic variables VAC, Q, and IT.

Then, it is necessary to obtain the change of charge in the
turn-OFF process. There are three main causes for the change in
the total charge: the carriers consumed due to the recombination
in the base and the field-stop layer, the electrons injected into
the emitter, and the electrons injected into the base. Therefore,
the change can be calculated as follows [15]:

dQ

dt
= −InH (xH = 0) + In (x = W )− QH

τH
− QL

τ
. (39)

At the emitter-base junction (xH = 0), following the energy
band theory, the relationship between the electron current, the
junction voltage, and the quasi-Fermi potential of the electrons
and holes can be obtained [38], [39]

InH(xH = 0) = Isneexp

(
qVeb

kT

)

= Isneexp

[
q (ϕpej − ϕnej)

kT

]

= Isne exp

(
EFn − EFp

kT

)

= Isne exp

(
EFn − EFi

kT

)
exp

(
EFi − EFp

kT

)

=
IsnePH0 (PH0 +NH)

n2
i

. (40)

Based on (18), (25), (33), and (34), the relationship between
QH, QL, and Q can be obtained by (41) and (42). dQ

dt can be
obtained by combining (21), (32), (39)–(42), as shown in (43)
shown at the bottom of next page, where PH0 can be calculated
using (25), (28), and (34), as expressed in (44) shown at the

bottom of next page,

QH = Q− L
cosh

(
W
L

)− 1

sinh
(
W
L

) Q− W 2
HIT

2DH

(
bH

1+bH
− b

1+b

)
W1 +

W2τH
VAC

dVAC
dt

(41)

QL = L
cosh

(
W
L

)− 1

sinh
(
W
L

) Q− W 2
HIT

2DH

(
bH

1+bH
− b

1+b

)
W1 +

W2τH
VAC

dVAC
dt

(42)

The relationship between the anode-cathode voltage and
current flowing through the IGBT in the turn-OFF transient is
represented in (37) and (42). On the right side of (37) and (42),
each variable can be calculated from VAC, Q, and IT.

D. Temperature Dependency of the Proposed Model

The temperature dependence of the model is determined by
the change of parameters with temperature. These parameters
can be divided into two types: silicon physical property pa-
rameters (including intrinsic carrier concentration and carrier
mobility), and IGBT device parameters (including excess carrier
lifetime, emitter electron saturation current, and MOS chan-
nel transconductance). These temperature-dependent parame-
ters and the temperature-dependent expressions are given in
Table I [40], [41].

The influence of parameter variation with temperature on the
electrical behavior of IGBT is demonstrated in Fig. 7. It can be
seen from Fig. 7 that, with the increase in temperature, the charge
decay rate becomes smaller, which means that the duration
of the IGBT turn-OFF phase becomes longer, resulting in an
increase in turn-OFF loss. Meanwhile, the increase in temperature
also causes the dVAC/dt to become lower, which leads to a longer
duration of the turn-OFF stage and a higher turn-OFF loss.

III. EXPERIMENT RESULTS

The double pulse test was conducted in this article to verify
the accuracy of the proposed model. The equivalent circuit used
in the experiment is shown in Fig. 8, where Ld denotes the load
inductance, and Ls denotes the stray inductance. The tempera-
ture is controlled by a heating platform. In the experiment, the
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. (33)
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TABLE I
TEMPERATURE-DEPENDENT FACTORS

Fig. 7. Details of the temperature dependence of variables.

circuit has a very short working time and is not in a continuous
state of operation. Therefore, the influence of IGBT loss on
junction temperature can be ignored. The junction temperature
and case temperature can be considered to be consistent and
controlled by the heating platform. The current passing through
the IGBT was measured using the Rogowski coil (Pearson
4997, 0.5 Hz–20 MHz), and the anode-cathode voltage was
measured using the differential probe (TESTEC TT-SI 8010B,
0–100 MHz). By changing the value of inductance, temperature,
and the conduction time of IGBT, the transient anode-cathode
voltage and anode current in the turn-OFF stage with different
characteristics can be obtained. Then, the obtained results were
compared with the simulation results.

Model parameter extraction is important for utilizing the
model. Various methods have been used in this article to extract
the required parameters, such as datasheets, optimization algo-
rithms, testing waveforms, etc. [42], [43]. The parameters were
obtained by the electrical measurement method, which obtained

Fig. 8. IGBT test circuit. (a) Equivalent circuit. (b) Experiment platform.

the highest accuracy among existing methods. Specifically, τ ,
τH, and Isne were obtained according to the current tail decay
rate for the clamped inductive load [44], [45], [46]. NB, NH, Wb,
and WH were extracted from the relative size of the turn-OFF cur-
rent tail for the clamped inductive load [44], [45], [46]. Kp was
calculated from the IGBT saturation characteristic curve [47],
[48]. The extracted model parameters are given in Table II. The
tested device used in this article is INFINEON FZ1000R33HE3.
The values of the physical constants in the model are given in
Table III [49], [50].

Additionally, the parallel diode in the IGBT module will
significantly affect the turn-OFF behavior. The transient behavior
of the diode has been discussed in detail and comprehensively. In
this article, the diode charge-control model is used to investigate
the influence of the diode, and the details of the model can be
found in reference [51], [52], [53].
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+
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TABLE II
PARAMETER VALUES OF THE TESTED IGBT (T = 300 K)

TABLE III
PARAMETER VALUES OF SILICON (T = 300 K) [49], [50]

The anode-cathode voltage and anode current in the turn-
OFF stage were measured under a certain temperature T
(25/75/125 °C), load inductor Ld (4.5/6/35 uH), dc voltage
UDC (1000/1500/2000 V), and switching current ITmax (the
maximum current in the turn-OFF stage, 100/500/1000 A), and
the measurement results were compared with the simulation
results calculated by the proposed model, as shown in Figs. 9,
10, and 11. The Hefner model was chosen as a representative,
which is based on the first-order approximation and does not
consider the effect of carrier recombination.

As shown in Figs. 9, 10, and 11, at different temperatures, the
simulation waveforms obtained from the proposed model are
highly consistent with the experimental data. Compared with
the existing model, the proposed model has a faster current
decline rate and voltage rise rate in the turn-OFF stage, which is
more consistent with the experimental data. This indicates that
the loss in the turn-OFF stage calculated by the current model
will be higher. Compared with the existing model, the proposed
model considers the effect of carrier recombination, so the excess
carriers stored in the base region and the field-stop layer will be
depleted faster. This is because the proposed model is more
consistent with the actual physical process than the Hefner
model. With the decrease in the switching current, the oscillation
of the switching current becomes more severe, and the error
between the simulation and experiment tends to increase, but it
is within an acceptable range.

As the temperature increases, the duration of the turn-OFF

phase becomes longer under the same operating conditions,
which is consistent with the analysis result in Section II. Mean-
while, with the increase in the switching current, the anode-
cathode voltage overshoot becomes higher and the duration of
the turn-OFF stage also increases.

Fig. 9. Simulation and testing waveforms at T = 25 °C. (a) UDC = 1000 V,
ITmax

∼= 1000 A, and Ld = 4.5 µH. (b) UDC = 1500 V, ITmax
∼= 500 A, and

Ld = 6 µH, (c) UDC = 2000 V, ITmax
∼= 100 A, and Ld = 35 µH.

The turn-OFF loss of the IGBT is a major concern in most
applications. Therefore, the accuracy of simulating the turn-OFF

loss of the proposed model is further investigated. The compari-
son between the turn-OFF loss calculated by the proposed model,
obtained by experiments and calculated by the existing model are
given in Table IV. It is worth noting that although the duration of
the turn-OFF phase increases with the temperature, the measured
turn-OFF loss does not simply show an increasing trend with the
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Fig. 10. Simulation and testing waveforms at T = 75 °C. (a) UDC = 1000 V,
ITmax

∼= 1000 A, and Ld = 4.5 µH, (b) UDC = 1500 V, ITmax
∼= 500 A, and

Ld = 6 µH, (c) UDC = 2000 V, ITmax
∼= 100 A, and Ld = 35 µH.

temperature. There are two main reasons for this phenomenon.
One is the influence of parasitic effects: temperature will affect
the parasitic effects of the circuit, and this influence is difficult
to predict. The other is the influence of temperature on other
components in the circuit. To suppress the influence of stray

Fig. 11. Simulation and testing waveforms at T = 125 °C. (a) UDC = 1000
V, ITmax

∼= 1000 A, and Ld = 4.5 µH, (b) UDC = 1500 V, ITmax
∼= 500 A,

and Ld = 6 µH. (c) UDC = 2000 V, ITmax
∼= 100 A, and Ld = 35 µH.

parameters on the evaluation of model accuracy, the length of
the connecting wires between devices should be decreased as
much as possible in the experiment. Therefore, in the double-
pulse experiment, the entire experiment circuit was placed on
the temperature control platform. Temperature also affects the
electrical behavior of other devices. Due to these processes, the
characteristics of the turn-OFF loss of the IGBT are complicated.
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TABLE IV
TURN-OFF LOSS OF FIGS. 9, 10, AND 11

Fig. 12. Comparison of the relative errors.

The comparison between the relative errors of the proposed
model and those calculated by the Hefner model is shown in
Fig. 12. The turn-OFF loss calculated by the Hefner model is
much larger than that obtained by the double pulse test, with a
relative error of 9.6%–40.3%. The turn-OFF loss calculated by
the model proposed in this article is much more accurate, and
the relative error does not exceed 7.4%. In the initial stage of the
turn-OFF process, the anode-cathode voltage and anode current
are high, and the loss in this stage accounts for most of the turn-
OFF loss. Compared with the Hefner model, the anode-cathode
voltage and anode current calculated by the proposed model
are more consistent with the experimental results, so the loss
prediction is more accurate. Moreover, since the recombination
of carriers is not considered in the Hefner model, which leads
to a slower depletion of excess carriers stored in the base and
the field-stop layer, the turn-OFF loss calculated by the Hefner
model is larger

A comparison of the above aspects indicates that the consid-
eration of the effect of carrier recombination improves the mod-
eling accuracy significantly. Compared with the Hefner model,
the proposed model improves the accuracy of predicting the
turn-OFF characteristics of the high-voltage IGBT significantly.
The error between the results calculated by the proposed model
and those obtained by experiments falls within an acceptable
low range.

IV. CONCLUSION

This article presents a new analytical transient model for the
turn-OFF process of high-voltage IGBTs. First, the defect of the
existing model used in high-voltage IGBTs is analyzed in detail.
Then, by considering the effect of carrier recombination and
based on the hyperbolic approximation of carrier distribution,
the transient ADE is solved analytically. Finally, the accuracy
of the proposed model is verified by comparing the experimental
and simulated turn-OFF waveforms under different temperatures,
bus voltage, and switching current. Results show that the pro-
posed model has significantly higher accuracy than the existing
model. Future work will focus on the improvement of approx-
imation methods and consider multidimensional processes to
further improve the accuracy of the model.
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