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A Novel Junction Temperature Estimation Method
Independent of Bond Wire Degradation for IGBT

Yanyong Yang , Member, IEEE, Xiaofeng Ding , Member, IEEE, and Pinjia Zhang , Senior Member, IEEE

Abstract—The insulated-gate bipolar transistor (IGBT) junc-
tion temperature is crucial for condition monitoring, reliability
assessment, and health management. However, the existing IGBT
temperature monitoring methods are affected by the aging of IGBT
bond wires. A novel junction temperature estimation method in-
dependent of bond wire degradation for IGBT is proposed in this
article. On-state voltage drop and turn-ON gate voltage overshoot
are analyzed for dependence on the junction temperature and bond
wire degradation. These two temperature and bond wire moni-
toring electrical parameters are combined by the artificial neural
network, to eliminate the effect of bond wire degradation. A double
pulse test platform is built to verify the influence of temperature
and bond wire degradation on on-state voltage drop and turn-ON
gate voltage overshoot, which agrees with the theoretical analysis.
Lots of experimental data at various collector-emitter voltages, load
currents, IGBT junction temperature, and bond wire degradation
are tested. A BP neural network is trained for junction temperature
monitoring and its optimal number of hidden layers is studied. The
experimental results show that the junction temperature estimation
method based on the neural network can effectively eliminate the
effect of bond wire degradation. The estimation error is around
4.219 °C. The proposed method has the advantages of high accuracy
and a wide application range for junction temperature monitoring.

Index Terms—Artificial neural network (ANN), insulated-gate
bipolar transistor (IGBT), monitoring, power semiconductor
devices, reliability, temperature measurement.

NOMENCLATURE

αPNP Gain of the inherent bipolar transistor.
CI Unit-area isolation capacitance.
COX Specific capacitance of the gate oxide.
d Half-drift region thickness.
Da Ambipolar diffusion coefficient.
db Diameter of the bond wire (in nanometers).
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e0 Elementary charge.
εs Permittivity of the semiconductor.
Gm Transconductance.
ig Gate driver current.
ic Collector current.
IL Stable load current.
JC Collector current density.
k Boltzmann’s constant.
Ls Parasitic self-inductance of one bond wire.
LCH Channel length.
La Ambipolar diffusion length.
l Length of the bond wire (in millimeters).
Li Parasitic inductance of bond wire i.
Ls_i Self-inductance of bond wire i.
Le Parasitic inductance.
M Parasitic mutual inductance of one bond wire.
Mij Mutual inductances between bond wire i and j.
n Number of effective bond wires.
ni Intrinsic carrier concentration.
NA Acceptor impurity concentration.
p Cell pitch.
q Charge of the electron.
Rbond Parasitic resistance of a bond wire.
Rg_out Externally connected gate resistor.
s Distance between two bond wire centers (in mil-

limeters).
T IGBT junction temperature.
τHL High-level lifetime in the drift region.
μn Electron mobility for silicon.
μni Inversion layer mobility.
μp Hole mobility for silicon.
Vg_p Gate voltage overshoot.
VFB Flatband voltage.
vg Gate driver voltage.
vce Collector-emitter voltage of IGBT.
Vbus Dc bus voltage.
Vg_th Gate threshold voltage.
VIGBT On-state voltage drop between the power collector

terminal and emitter of IGBT.
VIGBT_chip On-state voltage drop of the IGBT chip.
VIGBT_bond Voltage drop of bond wires.
WN Width of the N-base region.
W
L Ratio between the width and the length of the MOS

channel.
ψB Fermi level from the intrinsic Fermi level.
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I. INTRODUCTION

POWER electronics technology is widely used in all aspects
of industrial life, such as electric vehicles, new energy

generation, dc transmission converter valves, etc [1]. Power elec-
tronic power device is the core component of power electronic
converter, and its failure rate accounts for 31% [2], which is the
highest among all components. The main stress of the device
is thermal stress, accounting for 55% [3]. The insulated-gate
bipolar transistor (IGBT) is one of the most widely used power
electronic devices, so it is of great significance to monitor the
junction temperature of IGBT online.

There are many temperature monitoring methods, such as
thermal impedance network-based, infrared imaging-based,
temperature sensor-based measurement, and temperature-
sensitive electrical parameters-based methods. Among these
methods, the methods based on temperature-sensitive electri-
cal parameters are the most attractive [4]. The existing IGBT
junction temperature monitoring methods based on temperature-
sensitive electrical parameters can be roughly divided into four
categories according to their signal types. Namely, voltage
signals-based methods, current signals-based methods, other
signals-based methods, and electrical parameters combined with
artificial intelligence methods.

For the monitoring circuit, measuring voltage is direct and
convenient. There have been a lot of researches on voltage
signals-based methods. The traditional one is on-state voltage
drops under a large current-based method [5], [6], [7]. However,
it is influenced by bond wire degradation. Besides, the on-state
voltage drop under a small current is utilized for IGBT junction
temperature and it is less affected by the bond wire failure [6].
However, the small currents often need to be injected extra,
which is intrusive. In terms of gate voltage, gate threshold
voltage [8], gate flatband voltage [9], gate prethreshold voltage
[10], and gate miller plateau voltage [11], [12] are proposed for
IGBT junction temperature monitoring. However, because of the
small voltage range of gate voltage, they have a low resolution
for temperature monitoring. Turn-OFF collector voltage rate
dvce/dt is measured for IGBT junction temperature estimation
[13], [14]. However, it is difficult to measure dvce/dt accurately
online in practice. The voltage between the power emitter and
kelvin emitter terminals is proposed in [15] for IGBT junction
temperature monitoring. Nevertheless, its resolution is relatively
low.

Many current signals-based methods have been proposed to
monitor IGBT junction temperature. Collector saturation cur-
rent under constant gate voltage is studied for IGBT junction
temperature estimation [8], [16], [17]. However, changing the
gate voltage or implementing a short saturation current test
can have an intrusive effect on device operation in practice.
More importantly, the saturation current is closely related to
the condition of IGBT bond wires. The dependence of leakage
current on IGBT junction temperature is studied in [18] and
[19]. However, it is difficult to accurately measure the leakage
current of IGBT during the blocking state in practice. In terms of
gate current, peak gate current [20], [21] and internal gate resis-
tance via peak gate current [22] are utilized for IGBT junction

temperature estimation. However, they might be affected by
bond wire degradation and are difficult to be measured. More-
over, turn-ON dic/dt [23], [24], [25], turn-OFF collector current
dic/dt [15], and collector tail current [11] are proposed for
IGBT junction estimation. However, the measurement of these
temperature-sensitive parameters requires a high-frequency
sampling circuit and a very high-speed operation circuit, which
increases the system’s cost.

In addition to monitoring methods based on voltage and cur-
rent signals, there are IGBT junction temperature technologies
based on other signals. Transconductance is studied for IGBT
junction temperature monitoring [11]. However, estimation of
transconductance requires measurement of collector current as
well as gate voltage, which increases measurement complexity.
Besides, transconductance is influenced by bond wire degrada-
tion. Gate miller plateau width is proposed in [13] for junction
temperature monitoring. However, the gate miller plateau width
is strongly related to the bond wire degradation and it is used for
bond wire detection [26]. Turn-ON delay time [23] and turn-OFF

time [27] are utilized for IGBT junction temperature monitoring.
However, there are limitations in practical implementation for
measuring a short switching delay time. In practice, due to
the additional transmitter circuit of current and time-related
signals, current and other signals-based methods require higher
effort to calculate the temperature in comparison to the voltage
signals-based method voltage.

Electrical parameters combined with artificial intelligence
methods can fully utilize the dependence between electrical
parameters and IGBT junction temperature. A large amount of
data is used for preliminary training, to achieve high-precision
IGBT temperature monitoring. A reference model has been
developed with combining four temperature-sensitive electrical
parameters [28]. However, measuring four parameters at the
same time increases the complexity of the monitoring system in
practical application. Support vector regression, random forest,
and backpropagation neural network are constructed to estimate
the junction temperature of IGBT [29]. The error backpropaga-
tion (BP) neural network model was established by using the
on-state voltage drop to predict the junction temperature [30].
An online IGBT junction temperature extraction system based
on BP neural network related to the saturation collector-emitter
voltage and turn-OFF delay time is presented in [31]. However,
the work in [29], [30], and [31] do not consider the influence of
IGBT bond wire degradation.

As can be seen from the above-mentioned introduction, a
fundamental shortcoming is that many seemingly feasible meth-
ods are affected by IGBT bond wire degradation. The aging of
IGBTs is inevitable as the service progresses. The degradation
of bond wires is the most common failure in IGBT modules
[32]. Therefore, how to avoid the influence of bond wire degra-
dation to be suitable for long-term IGBT junction temperature
monitoring is a very tricky problem. However, the temperature
monitoring of IGBT with decoupling bond wire failure can-
not be achieved by relying on a single temperature-sensitive
parameter.

To address the above-mentioned problems, a novel junc-
tion temperature estimation method independent of bond wire
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Fig. 1. Appearance of the IGBT module after removing the top shell.

degradation for IGBT is proposed in this article. The on-state
voltage drop and turn-ON gate voltage overshoot are affected by
both the IGBT junction temperature and bond wire degradation.
There are nonlinear relationships between on-state voltage drop
and bond wire degradation, as well as between turn-ON gate
voltage overshoot and bond wire degradation. It is difficult to
establish a mathematical analytical model to combine the two
electrical parameters to decouple the bond wire degradation. In
this article, these two electrical parameters are combined by a
neural network, which can eliminate the influence of bond wire
and accurately monitor the junction temperature of IGBT. The
method proposed has the advantages of being noninvasive, high
precision, and independent of bond wire degradation.

The rest of this article is organized as follows. In Section II,
the dependencies of IGBT on-state voltage drop and turn-ON

gate voltage overshoot on junction temperature and bond wire
degradation are analyzed. The neural network used in this article
is presented. In Section III, the experiment setup and results
are presented. The influence of junction temperature and bond
wire degradation on IGBT on-state voltage drop and turn-ON

gate voltage overshoot is verified. The prior experimental data
at various operation conditions are measured for training the
neural network. The measuring circuit is introduced. Moreover,
the practical implementation and verification with the neural
network are illustrated. Finally, Section IV summarizes the
conclusion.

II. JUNCTION TEMPERATURE ESTIMATION METHOD

INDEPENDENT OF BOND WIRE DEGRADATION

A. On-State Voltage Drop Affected by Temperature and Bond
Wire Failure

For the device under test (DUT) in this article, the appearance
of the IGBT module after removing the top shell is shown in
Fig. 1.

The IGBT bond wires are usually aluminum and they connect
the IGBT chips to the copper bar. Besides, Fig. 1 illustrates that
each IGBT chip includes 4 zones. In total, 6 bond wires are
divided into 2 groups, which are separately connected with zone
1, 3, and zone 2, 4. Furthermore, considering three bond wires
lift-off for example. If the three bond wires lift-off are 1, 2,

Fig. 2. Circuit considering parasitic resistance of bond wires of 3 parallel
chips.

and 3, zone 1, and 3 will be offline. However, if the three bond
wires lift-off are 1, 2, and 6, four zones of IGBT will still be
online. If there are IGBT zones out of operation, the equivalent
current density of the effective IGBT zone will be twice as much
as it should be. Thus, the on-state voltage drop of IGBT will
significantly increase compared to that under all zones being
effective.

Besides, each IGBT of DUT is composed of 3 parallel IGBT
chips, which are symmetrical. During the steady state of IGBT
on-state, the parasitic resistance of bond wires will affect the
on-state voltage drop. Hence, the circuit considering the par-
asitic resistance of bond wires of 3 parallel chips is shown in
Fig. 2.

The parasitic resistances of bond wires are closely related
to the status of bond wires. Besides, the position where the
bond wire lifts off also affects the on-state characteristics of
IGBT.

The on-state voltage drop VIGBT between power collector
terminal and emitter of IGBT can be expressed as follows:

VIGBT = VIGBT_chip + VIGBT_bond. (1)

The on-state voltage drop of the IGBT chip is determined by
[33]

VIGBT_chip =

2kT
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On the other hand, the on-state voltage drop of bond wires
can be expressed as follows:

VIGBT_bond = icRbond. (3)
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Fig. 3. Equivalent gate driver loop circuit of IGBT [34].

Replacing the variables in (1) with (2) and (3), the on-state
voltage drop VIGBT can be given by

VIGBT =
2kT

q
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− ln
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⎜⎜⎝4qDani

(
WN
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+
4d2

(μn + μp) τHL

+
pLCHJC

μniCOX (Vge − Vg_th)
+ icRbond. (4)

Therefore, VIGBT is dependent on the junction temperature of
the IGBT and the status of the IGBT bond wire, while the tem-
perature variable and bond wire state variable are independent of
each other. In other words, the temperature of the IGBT module
does not affect the state of the bond wires, and the lift-off of the
bond wires will not affect the temperature. IGBT temperature
monitoring only based on the on-state voltage drop will make
the error increase with the failure of the IGBT bond wire. It is
difficult to use a simple mathematical formula to characterize the
relationship between the on-state voltage drop of IGBT and the
degree of bond wire failure. Besides, the relationship between
the number of bond wire lift-off and on-state voltage drop VIGBT

is nonlinear.

B. Turn-On Gate Voltage Overshoot Affected by Temperature
and Bond Wire Failure

Considering the IGBT module FF300R12ME4 in this article,
the equivalent gate driver loop circuit is shown in Fig. 3 [34].

During the switching duration, the stray inductance of emitter
bond wires will influence the dynamic process in the gate charge
loop circuit. The main waveforms of IGBT during a turn-ON

transient are shown in Fig. 4.

Fig. 4. Waveforms of IGBT turn-ON transient.

In Fig. 4, IL flows through the collector of IGBT after the
turn-ON process. When the gate voltage increases to Vg_th at t1,
the IGBT collector current ic begins to increase. In the period of
(t1 − t2), ic increases to IL with a high current change rate dic

dt .
According to [35], the partial inductance of bond wire consists

of partial self-inductance and mutual inductance. Ls can be
determined by the following equation:

Ls = 2 · 10−1 · l ·
[
ln

(
4 · 103 · l

db

)
− 0.75

]
(5)

where M can be determined by

M= 0.19685 · db
[
ln

(
2l

s

)
− 1 +

s

l
−
( s
2l

)2
]
. (6)

For multiple bond wires, the mutual inductance is caused
by the magnetic coupling of multiple bond wires. Therefore,
the parasitic inductance Li of bond wire i can be expressed as
follows:

Li = Ls_i +

j=n∑
j=1

Mij(j �= i). (7)

For a typical value, the total stray inductance of one chip is
2.55 nH at a healthy state and 4.57 nH at 2 bond wires remaining
[34].

During the period of (t1 − t3), the current change rate dic
dt

would be more than 1000 A/us [9], [25]. Vg_p is strongly
influenced by the induced voltage across Le of collect current
change rate dic

dt . Theoretically speaking, Vg_p is also related to
the voltage drop when ic flows across the resistanceRe of emitter
bond wires, the induced voltage across the parasitic inductance
Le of gate current change rate dig

dt , the voltage drop when ig flows
across the gate loop resistance of bond wires. However, those
elements can be neglected because they are tiny compared with
the induced voltage across the parasitic inductance Le of collect
current change rate dic

dt [34]. Hence, the gate voltage overshoot
Vg_p can be simplified into the following equation:

Vg_p = Vg_th + Le
dic
dt
. (8)
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According to [11], Vg_th can be determined by the following
equation:

Vg_th = VFB + 2 · ψB (T ) +

√
4εse0NAψB (T )

CI
(9)

where ψB is determined by the following equation [11]:

ψB (T ) =
k · T
e0

· ln
(

NA

ni (T )

)
. (10)

In (10), niis influenced by the IGBT junction temperature T .
On the other hand, the turn-ON current change rate dic

dt can be
determined as follows [23], [25]:

dic
dt

=
dvg
dt

·Gm =
dvg
dt

·
[

1

1− αPNP (T )

]

·
[
μn · Cox · W

L
· (vg − Vg_th)

]
. (11)

According to [23], the turn-ON current change rate dic
dt rises

with the increase of both bus voltage Vbus and load current IL,
and it decreases with the increase of IGBT junction temperature
T .

Combining the above-mentioned equations, the gate voltage
overshoot Vg_p can be determined as follows:

Vg_p = VFB (T, Vbus) + 2 · k · T
e0

· ln
(

NA

ni (T )

)

+

√
4εse0NA

(
k·T
e0

· ln
(

NA

ni(T )

))

CI

+ Le · dvg
dt

·
[

1

1− αPNP (T )

]

·
[
μn · Cox · W

L
· (vg − Vg_th)

]
. (12)

Equation (12) indicates that the gate voltage overshoot Vg_p is
affected by dc bus voltage Vbus, load current IL, especially IGBT
junction temperature T , and IGBT stray emitter inductance. In
(12), the temperature variable and bond wire state variable are
independent of each other.

Equation (12) shows that the relationships between the num-
ber of bond wire lift-off and gate voltage overshoot Vg_p is
nonlinear. Besides, the relationships between the junction tem-
perature and gate voltage overshoot Vg_p is nonlinear.

Since both relationships of (4) and (12) contain indepen-
dent variables of temperature and bond wire state, one of the
variables can be eliminated by combining two relationships. In
this article, by combining the relationships (4) and (12), the
influence of the bond wire state on temperature monitoring can
be eliminated. However, because of the nonlinear relationships
between the number of bond wire lift-off and the on-state voltage
drop as well as the gate voltage overshoot Vg_p, there is no
exact analytical function to describe the relationship between
the on-state voltage and gate voltage overshoot and the degree
of bond wire failure.

Fig. 5. BP neural network structure for IGBT temperature monitoring.

C. Neural Network for Junction Temperature Estimation
Independent of Bond Wire Degradation

The artificial neural network (ANN) is an algorithmic math-
ematical model that simulates the behavior characteristics of an
animal neural network for distributed and parallel information
processing. ANN can realize the nonlinear mapping relationship
by adjusting the internal and the relationship between a large
number of nodes. The error BP multilayer feedforward neural
network (BP neural network) is a kind of algorithm that can
best embody the nature of an ANN [30]. BP neural network
is based on gradient descent and has strong nonlinear mapping
ability. Therefore, BP neural network is used to monitor IGBT
temperature in this article for eliminating the effect of the bond
wire. The BP neural network structure for IGBT temperature
monitoring is shown in Fig. 5.

BP neural network has an input layer, hidden layer, and output
layer. The on-state voltage drop, turn-ON gate voltage overshoot,
collector-emitter voltage, and load current of IGBT are used as
input signals of the input layer. The IGBT junction temperature is
used as the output signal of the output layer. In network training,
different hidden layers are changed to make the trained network
show the best performance.

In the process of training the BP neural network model, the
original experimental data is divided into three parts, namely
the training set, test set, and validation set. The training set
accounts for 70% of the total data, and it is a set of samples used
for training, mainly used to train the parameters in the neural
network. The test set accounts for 15% of the total data, and it is
used to evaluate the performance of neural network objectively.
And the validation set accounts for 15% of the total data, and it is
used to verify and compare the performance of various models.

With the method proposed, there is no need to build complex
mathematical models for solving the IGBT junction tempera-
ture. BP neural network turns the preliminary experimental data
used for calibration into the self-learning network. Therefore, the
method proposed has the advantages of fast calculation speed,
high calculation accuracy, and self-adaptation for nonlinear
mapping.

III. EXPERIMENT SETUP AND VERIFICATION

A. Experimental Setup

The double pulse test is the most commonly used verification
experiment [9], [10], [11], [12], [20], [22], [24], [27], [28]. The
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Fig. 6. Scheme of the double-pulse test.

TABLE I
INSTRUMENT AND TYPE OF THE DOUBLE-PULSE EXPERIMENT PLATFORM

voltage and current of the DUT can be set over a wide range.
Therefore, a double-pulse test platform is built and experiments
are conducted to verify the IGBT junction temperature esti-
mation method proposed. The temperature of the IGBT can
be adjusted by heating the plate flexibly. Since the on-state
time of the IGBT pulse test is often hundreds of microseconds,
the temperature rise caused by the power loss can be ignored.
Therefore, for the double-pulse test platform, the heating plate
temperature can be regarded as the IGBT junction temperature
to be calibrated. Besides, the dc bus voltageVbus and load current
IL can be set up to simulate IGBT characteristics under various
operating conditions. The scheme of the double-pulse test is
shown in Fig. 6.

The DUT is FF300R12ME4 of Infineon. The gate drive re-
sistance is 10 Ω. The instruments and types of the double-pulse
experiment platform are shown in Table I.

The prototype of the double-pulse experiment platform is
shown in Fig. 7.

IGBT module is tested at various temperatures (25, 50, 75,
100, 125, and 150 °C), various load currents (30, 60, 90, 120,
and 150A), various bus voltages (200, 300, 400, 500, 600 V), and
different amounts of bond wires cut-off (bond wire free-fault, 1
bond wire lift-off, 2 bond wire lift-off, 3 bond wire lift-off, and 4
bond wire lift-off). Hence, a total of 750 IGBT on-state voltage
and IGBT turn-ON gate voltage overshoot experimental data are
collected and used as the model data set.

Fig. 7. Prototype of the double-pulse experiment platform.

Fig. 8. IGBT module with the cover removed.

Fig. 9. Online monitoring circuit of IGBT on-state voltage drop.

B. Experiment Results of the On-State Voltage Drop

The cover of IGBT module FF300R12ME4 is removed and
the bond wires are shown in Fig. 8.

The IGBT junction temperatures are controlled by the heating
plate. The bond wire failure is simulated by cutting off them.
Fig. 8 shows that there are 6 bond wires in each IGBT chip. In
total, 1, 2, 3, and 4 bond wires are cut off separately.

In this article, the on-state voltage drop of IGBT is monitored
with the online measurement circuit proposed in [4]. The online
monitoring circuit of IGBT on-state voltage drop is shown in
Fig. 9.



10262 IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 38, NO. 8, AUGUST 2023

Fig. 10. On-state voltage drops with different amounts of bond wire faults and
temperatures.

With the online monitoring circuit shown in Fig. 9, the on-
state voltage drops are measured with various temperatures and
different amounts of bond wires cut-off. The experiment results
of the on-state voltage drops are shown in Fig. 10.

As can be seen from Fig. 10, the on-state voltage drop of IGBT
is significantly affected by temperature, which is consistent with
the theoretical analysis. In addition, the on-state voltage drop
of the IGBT at the same temperature is closely related to the
state of the bond wires. However, the dependence of on-state
voltage drop on the number of bond wire lift-off is not linear.
The on-state voltage drop of IGBT with one or two bond wires
did not differ much from those in healthy conditions, while the
on-state voltage drops changed sharply when three or four bond
wires lifts off. For example, at 100°, when three bond wires are
broken, the on-state voltage deviation of IGBT reaches 200 mV.
When two or fewer bond wires are broken, the on-state voltage
deviation is less than 10 mV. It illustrates that there is an obvious
nonlinear relationship between on-state voltage drop and the
amount of bond wire lift-off. Therefore, it is difficult to monitor
the temperature of IGBT based on a single analytical model.

C. Experiment Results of the Turn-On Gate Voltage Overshoot

Various amounts of bond wires are cut-off for experiments.
The voltage between the gate and emitter of the IGBT is acquired
by a voltage divider circuit. The output Vout of the voltage
divider circuit is connected with the pulse extraction circuit,
which extracts the narrow pulse including the turn-ON gate
voltage overshoot Vg_p. The schematic of the pulse extraction
circuit is shown in Fig. 11.

The output Vout of the differential voltage measuring circuit is
connected with the in+ input of a high-speed comparator. High-
speed comparator outputs high when the Vout is higher than the
reference voltage, for instance, at zero level. The monostable
trigger output a pulse whose duration is set according to the
practical turn-ON transient. The monostable trigger turns OFF

the auxiliary MOSFET by a drive circuit. Then, the output Vout

Fig. 11. Scheme of the pulse extraction.

TABLE II
PARAMETERS OF CRUCIAL PARTS AND THE TYPES OF INSTRUMENTS

of the differential voltage measuring circuit is transmitted to the
peak holding circuit through a resistor. When the pulse of the
monostable trigger is over, the input of the peak holding circuit
is connected to GND.

The peak holding circuit of the gate signal is studied in
detail [21], [22], [36]. The peak detector circuit consists of a
differential amplifier, a peak detector, and a reset switch that is
controlled by the gate voltage signal. The output of the peak
detector is held on a memory capacitor for the entire on-state
duration of the device. At the device turn-OFF transition, the
memory capacitor is discharged via the reset switch controlled
by the gate voltage.

A practical measurement circuit is built and the parameters of
crucial parts and the types of instruments are shown in Table II.

With the pulse extraction circuit shown in Fig. 11, the turn-ON

gate voltage overshoot of IGBT is measured at various temper-
atures and bond wire degradation. The dc bus voltage is set
as 600 V and the load current is set as 150 A. The turn-ON

gate voltage overshoots at various temperatures and bond wire
degradation are shown in Fig. 12.

It can be seen from Fig. 12 that the turn-ON gate voltage
overshoot of IGBT is strongly correlated with the temperature
of IGBT. At the same time, the turn-ON gate voltage overshoot
of IGBT is closely related to the bond wire failure, which is
consistent with the theoretical analysis. Moreover, the turn-ON

gate voltage overshoot of IGBT shows a nonlinear increasing
trend with the increase of the amount of bond wire lift-off.
Therefore, it is difficult to decouple the effect of bond wire
failure in temperature monitoring of IGBT based on turn-ON

gate voltage overshooting alone.
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Fig. 12. Turn-ON gate voltage overshoots at various temperatures and bond
wire degradation.

Fig. 13. On-line measurement circuit for the turn-ON gate voltage overshoot
and on-state voltage drop.

D. Practical Implementation and Verification With Neural
Network Model Proposed

To measure the on-state voltage drop and turn-ON gate voltage
overshooting, the practical implementation for Figs. 9 and 11 is
built and shown in Fig. 13.

With the online measurement circuit, the temperature-
sensitive parameters, turn-ON gate voltage overshoot, and on-
state voltage drop are measured at various collector-emitter volt-
ages, load currents IGBT junction temperatures, and amounts
of bond wire lift-off. The temperatures are set as 25°, 50°, 75°,
100°, 125°, and 150°, respectively. The collector currents are
set as 30 A, 60 A, 90 A, 120 A, and 150 A, respectively. The
collector-emitter voltages are set as 200 V, 300 V, 400 V, 500 V,
and 600 V, respectively. The bond wire conditions are healthy,
1, 2, 3, and 4 bond wires cut-off, respectively. Hence, 750 sets
of data need to be tested in advance and are divided into three
categories, namely training set, test set, and validation set. These
three datasets account for 70%, 15%, and 15% of the total data,
respectively.

The neural network model is shown in Fig. 14.

Fig. 14. Neural network model for IGBT junction temperature estimation.

TABLE III
WHOLE PERFORMANCE, TRAIN PERFORMANCE, VALIDATION PERFORMANCE,

AND TEST PERFORMANCE WITH VARIOUS NUMBERS OF HIDDEN LAYERS

In Fig. 14, 4 input parameters are collector-emitter voltages,
load currents, turn-ON gate voltage overshoot, and on-state volt-
age drop, and 1 output parameter is IGBT junction temperature.
It is important to note here that the bond wire condition is not
yet used as an input parameter in the input layer. In this way, the
bond wire degradation can be decoupled.

To test the optimal number of hidden layers in the neural net-
work, various numbers of hidden layers of 2–40 are tested. The
performance is the mean squared error of data set mapping. The
whole performance, train performance, validation performance,
and test performance are listed in Table III.

As can be seen from Table III, the number of hidden layers
in the middle of the neural network used for IGBT junction
temperature estimation directly affects the performance of the
neural network model. When the number of layers is 2, the
fitting error is the largest. When the number of layers is 20,
the performance of whole sets, validation sets, and test sets
reaches 11.6876, 13.2691, and 13.9411, which is the smallest
among the various hidden layers. When the number of hidden
layers is greater than 20, the performance of the training set will
fluctuate slightly, but the performances of whole sets, validation
sets, and test sets are larger than that of the number of layers is
20. Therefore, the number of hidden layers 20 can be considered
the best number of hidden layers for IGBT junction temperature
monitoring.

For the BP neural network proposed in this article, the output
error of the neural network model is obtained. When the output
error does not change for 6 consecutive iterations, the training is
terminated and the required neural network model is determined.
The gradient and error invariant epochs in the iteration process
are shown in Fig. 15.

Fig. 15 shows that after 78 epochs, the neural network model
of junction temperature estimation with a set threshold can be
obtained. The fitting results of the neural network with training
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Fig. 15. Gradient and error invariant epochs in the iteration process.

Fig. 16. Fitting results of the neural network with training sets.

Fig. 17. Fitting results of the neural network with validation sets.

sets, validation sets, test sets, and whole sets are shown in
Figs. 16 –19.

Figs. 16–19 illustrate that the coefficient R of determination
of training sets, validation sets, test sets, and whole sets are
more than 0.996. This indicates that the proposed IGBT junction
temperature estimation method based on the neural network has
high accuracy. More critically, the bond wire conditions are not
involved in the training of the neural network.

The error histogram of the training set, validation set, and test
set of the neural network is shown in Fig. 20.

Fig. 18. Fitting results of neural network with test sets.

Fig. 19. Fitting results of the neural network with whole sets.

Fig. 20. Error histogram of the training set, validation set, and test set of the
neural network.

As can be seen from the error distribution diagram in Fig. 20,
the fitting error of more than 90% of the data in the fitting result
of this model is less than 4.219°, indicating high accuracy. The
mean squared error during each epoch is shown in Fig. 21.

Fig. 21 illustrates that the mean squared error decreases grad-
ually, with the increase of iteration epochs. The best validation
performance is 12.4026 at epoch 72.
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Fig. 21. Mean squared error during each epoch.

For practical implementation, the turn-ON gate voltage over-
shoot and on-state voltage drop can be acquired with the online
monitoring circuit of the IGBT on-state voltage drop shown in
Fig. 9 and the scheme of the pulse extraction shown in Fig. 11.
Before the method is applied in a live converter, the experimental
data of various voltages, various currents, various temperatures,
and various bond wire degradation are obtained by a double
pulse test. A large number of double-pulse experimental data
are used to train and form BP neural networks. In practical
monitoring applications, the turn-ON gate voltage overshoot,
on-state voltage drop, bus voltage, and load current are measured
online and put into the BP neural network structure for IGBT
temperature monitoring in Fig. 5. The junction temperature of
IGBT can be obtained by BP neural network trained.

E. Verification With Various Bond Wire Degradation

Through the above-mentioned training, BP neural network
is formed. In order to verify the independence of the BP neural
network on the bond wire failure, the data under various degrada-
tion of the bond wire are put into the trained BP neural network
model for test and verification. The additional test results are
shown in Figs. 22 –26.

Figs. 22–26 show that the BP neural network proposed in this
study can effectively monitor IGBT temperature regardless of
whether the IGBT bond wire is healthy or partially failed. The
coefficient R of determination of additional test results is more
than 0.994. Therefore, the method proposed can monitor the
IGBT junction temperatures without the influence of bond wire
degradation.

F. Comparison of the Existing TSEPs Using ANN

The BP neural network proposed utilizes the on-state voltage
drop and the turn-ON gate voltage overshoot for the IGBT
junction temperature estimation. In order to verify the rationality
of the proposed method, ANN was used to analyze the on-state
voltage drop and the turn-ON gate voltage for comparison.

First, the on-state voltage drops combined neural network is
analyzed. The BP neural network structure combined on-state

Fig. 22. Additional test results of the trained BP neural network model with
healthy bond wire.

Fig. 23. Additional test results of the trained BP neural network model with
1 bond wire failure.

Fig. 24. Additional test results of the trained BP neural network model with
2 bond wire failure.

voltage drops for IGBT temperature monitoring is shown in
Fig. 27.

By using the neural network structure shown in Fig. 27
and taking the on-state voltage and load current of IGBT as
model inputs, the neural network for estimating the junction
temperature of IGBT is constructed. The estimation accuracy of
the neural network for estimating the junction temperature of
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Fig. 25. Additional test results of the trained BP neural network model with
3 bond wire failure.

Fig. 26. Additional test results of the trained BP neural network model with
4 bond wire failure.

Fig. 27. BP neural network structure combined on-state voltage drops for
IGBT temperature monitoring.

IGBT is analyzed. The fitting result of the test sets is shown in
Fig. 28.

Fig. 28 shows that the coefficient R of determination of
test results is 0.7266. Besides, the dispersion distance between
experimental data points and the fitting line is relatively large.
The maximum temperature estimation error is more than 35°.
Therefore, it is not feasible to estimate junction temperature by
only using on-state voltage drops and neural networks.

On the other hand, the turn-ON gate voltage overshoot com-
bined neural network is analyzed. The BP neural network struc-
ture combined with the turn-ON gate voltage overshoot for IGBT
temperature monitoring is shown in Fig. 29.

Fig. 28. Fitting results of the neural network with only on-state voltage drops
used.

Fig. 29. BP neural network structure combined the turn-ON gate voltage
overshoot for IGBT temperature monitoring.

Fig. 30. Fitting results of the neural network with only the turn-ON gate
voltage overshoot used.

By using the neural network structure shown in Fig. 29 and
taking the turn-ON gate voltage overshoot, bus voltage, and
load current of IGBT as model inputs, the neural network for
estimating the junction temperature of IGBT is constructed. The
estimation accuracy of the neural network for estimating the
junction temperature of IGBT is analyzed. The fitting result of
the test sets is shown in Fig. 30.

Fig. 30 shows that the coefficient R of determination of
test results is 0.4614. Besides, the dispersion distance between
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experimental data points and the fitting line is relatively large.
The maximum temperature estimation error is more than 61°.
Therefore, it is not feasible to estimate junction temperature with
neural networks only using turn-ON gate voltage overshoot.

It can be seen from the above-mentioned experimental results
that both the on-gate voltage overshoot and on-state voltage of
IGBT belong to thermo-sensitive electric parameters, that is,
they are closely related to temperature. At the same time, they
are also affected by bond wire failure, and the relationship with
bond wire failure is nonlinear. If any single parameter is selected
for temperature monitoring, the influence of the bond wire
cannot be avoided. Moreover, it is difficult to establish an accu-
rate mathematical analytical model for temperature monitoring
because of the nonlinear relationships. The method of IGBT
temperature monitoring based on the neural network proposed
in this article can effectively establish the nonlinear mapping
relationship between temperature and electrical parameters, and
realize accurate junction temperature monitoring without the
influence of IGBT bond wire degradation.

IV. CONCLUSION

In this article, a novel junction temperature estimation method
independent of bond wire degradation for IGBT has been pro-
posed with analysis and experimental validation presented. The
on-state voltage drop is strongly dependent on the IGBT junction
and bond wire degradation. Besides, the turn-ON gate voltage
overshoot is also influenced by the IGBT junction and bond
wire degradation. As a result, the on-state voltage drop and
turn-ON gate voltage overshoot are combined by a BP neural
network algorithm, which can eliminate the influence of bond
wire degradation and accurately monitor the junction temper-
ature of the IGBT. A practical measurement implementation
has also been discussed in this article. The method proposed
is verified by the experiments. The fitting error of more than
90% of the data in the fitting result of this model is less than
4.219°, and the validation performance is 12.4026 at epoch 72.
It has been shown that the method proposed has the advantages
of being noninvasive, having high precision and independence
on the bond wire degradation. It is promising and suitable for
long-term IGBT junction temperature monitoring.
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