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Abstract—A typical degradation mechanism of insulated gate 
bipolar transistor (IGBT) modules is the bond wire degradation 
(BWD), and thus the bond wire aging monitoring (AM) shows 
much attractiveness for IGBT modules. However, the performance 
degradation with junction temperature swings and load current 
dependence in many bond wire AM methods remains an obsta-
cle. To address this, a bond wire AM method based on the back 
propagation neural networks (BPNN) is proposed in this paper, in 
which the on-state voltage drop (OVD) is used as the indicator of 
bond wire AM. In the proposed AM method, a multi-physical field 
coupling model of the IGBT module is established. Then, with the 
assistance of the model, the characterization behaviors of the OVD 
are thoroughly analyzed. According to the analysis, it is known 
that the junction temperature swings and load current dependence 
may obviously degrade the performance of the proposed AM 
method. Afterward, BPNN is adopted to deal with these issues. 
Finally, the performance of the proposed AM method is explored 
through extensive experimental tests. 

Index Terms—Back propagation neural networks (BPNN), bond 
wire aging monitoring (AM), insulated gate bipolar transistor (IGBT) 
modules, multi-physical field coupling model.

I. Introduction

INCREASING demands for a new paradigm of energy 
conversion necessitate the reliable operation of high-

efficiency and high-power density converters [1]-[5]. In 
particular, the power modules, e.g., insulated gate bipolar 
transistor (IGBT) modules, in power converters are crucial 
because they are used to implement the task of energy 
conversion and power control.

However, the IGBT modules are regarded as one of the 
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major contributors to the reliability degradation of power 
converters due to their high failure rate. Among many failure 
types of the IGBT modules, the bond wire degradation (BWD) 
is particularly prominent [6]-[8]. In this sense, accurate bond 
wire aging monitoring (AM) is desirable for ensuing the 
reliability of power converters.

Generally, the bond wire AM methods are classified into two 
groups, i.e., the direct AM methods [9]-[11] and the indirect 
AM methods [12]-[27]. Regarding to the direct AM methods, 
they are typically carried out by using special equipment, 
e.g., the eddy current pulsed thermography [9], the scanning 
electron microscope [10], and the acoustic detector [11], to 
detect the BWD without opening the shell of power modules. 
In spite of this, the direct AM methods are not appropriate for 
real-time applications. Moreover, these methods usually suffer 
from high complexity and cost because of the use of additional 
detection equipment. The indirect AM method accomplishes 
the task of bond wire AM by monitoring the electrical 
parameters associated with the BWD without destroying the 
device, making it suitable for online applications.

According to the type of the used electrical parameters, 
the indirect AM methods are further divided into the static 
electrical parameter (SEP) methods and the dynamic electrical 
parameter (DEP) methods. The SEP methods use the electrical 
parameters that are not involved in the turn-on and the turn-off 
transient processes to implement the bond wire AM [12]-[19]. 
Among them, as detailed in [12], it had been experimentally 
investigated that the bond wire aging will lead to an apparent 
increase of the on-state voltage drop (OVD). However, this 
method is highly affected by junction temperature swings. To 
address this, a SEP method based on the on-state voltage at 
inflection point is proposed in [13], and a major contribution 
of this method is able to monitor the BWD and be irrespective 
of the junction temperature swings. Whereas, this bond wire 
AM method is implemented at the fixed load current, which, 
however, is inapplicable because the load current of the IGBT 
module will obviously vary in practice. Following that, [14] 
revealed that the short-circuit current shows a high sensitivity 
to the BWD, and more importantly, this indicator of the 
BWD is free from the effects of junction temperature swings. 
Unfortunately, the short-circuit current of the IGBT module is 
barely measurable when the power converters are operating.

Alternatively, considerable research efforts have been 
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developed towards utilizing the DEP methods to enhance 
the performance of bond wire AM [20]-[27]. Though the 
flourishing developments of the bond wire AM methods are 
observed in the considerable literature, most of these methods 
are troubled by the challenging issues like junction temperature 
swings and load current dependence.

Recently, a new paradigm in the research of reliability 
evaluation of power modules is to use the artificial intelligence 
(AI) techniques [28]-[35], in which the neural networks, the 
machine learning, and the digital twins are notable examples. In 
[29], the artificial neural networks were assisted in the thermal 
model for power modules to handle the troublesome problem 
of thermal cross-coupling effects. Additionally, a noninvasive 
condition monitoring method for power converters based on 
the digital twins is reported in [32], and the degradation trends 
of power modules can be effectively observed. Following 
that, [34] provided a physics-informed machine learning-
based condition monitoring method for power converters, 
and respectable achievements of high accuracy and strong 
robustness are developed. Moreover, a deep learning method is 
adopted in [35] to conduct the maximum junction temperature 
estimation for multichip power modules. 

In light of the above, a bond wire AM method for IGBT 
modules based on the back propagation neural networks 
(BPNN) is proposed in this paper, which takes OVD as a 
static electrical parameter and eliminates the influence of 
temperature swings and load current well. The rest of this 
paper is organized as follows. In Section II, the multi-physics 
field coupling model of IGBT module is provided, and the 
accuracy of the model is carefully verified. In Section III, 
based on theoretical analysis and the multi-physics field 
coupling model, the characterization behavior of OVD is 
analyzed comprehensively. It can be clearly seen that junction 
temperature swings and load current dependence will adversely 
affect the use of OVD for bond wire AM. Following that, 
BPNN is used to ensure the performance of bonded wire AM 
with junction temperature swings and load current dependence, 
as detailed in Section IV. Finally, extensive experimental tests 
are carried out to investigate the performance of the proposed 
AM method under different operating conditions. The main 
contributions are as follows：
·	A bond wire aging monitoring method for IGBT is 

proposed, and the issues of junction temperature swing 
and load current dependence can be avoided effectively in 
this method.

·	BPNN is introduced to solve the complex coupling 

relationship of junction temperature, load current, OVD 
and wire aging, compared with traditional methods, which 
improves the resolution and accuracy of detection.

·	The proposed AM method has satisfactory performance 
for the monitoring of early bond wire aging.

·	A multi-physics filed coupling model of IGBT is 
established, which allows for a comprehensive analysis of 
OVD behavior under different conditions.

II. Multi-Physical Field Coupling  
Model of the IGBT Modules

The measured SEP is difficult to reveal the bond wire 
degradation directly because of the dependence of temperature 
the current. In this section, a multi-physical field coupling 
model of an IGBT module is established. The quantified 
coupling effects serve as a fundamental of analyzing the 
relationship between the measured SEP and the degradation.

Fig. 1 shows the block diagram of the multi-physical field 
coupling model of the IGBT module, in which there are five 
steps involved in the establishment of this model, i.e., the 
geometric model extraction, the material property setting, the 
supplement of the multi-physical field, the generation of the 
finite element mesh, and the verification of model accuracy. 

As for the extraction of the geometric model, it is 
accomplished by obtaining the geometric parameters and 
determining the geometric position of each layer. In this paper, 
the IGBT module of Infineon FF50R12RT4 is used as a case 
study, and the open-shelled IGBT module is presented in 
Fig. 2. With this, some of geometric parameters are measurable, 
and several geometric parameters can be obtained from the data 
sheet of Infineon FF50R12RT4. Moreover, due to the irregular 
geometric structure of the upper copper layer, the geometric 
position of the upper copper layer is depicted in Fig. 3, in 
which the number is the dimension parameter and the unit is 

Fig. 1.  Block diagram of the multi-physical field coupling model of the IGBT module.

3.77×107

t (s)

Fig. 2.  Open-shelled IGBT module of Infineon FF50R12RT4.
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millimeter. Accordingly, the geometric model is obtained.
After extracting the geometric model, the material properties 

of the IGBT modules should be properly set. According to the 
data sheet of the IGBT module and the material property, the 
conductivity and the heat capacity at constant pressure of the 
bond wire (its material is aluminum) can be fitted as [36], [37]:

                (1)

with T being the Kelvin temperature. Additionally, the material 
of the IGBT chip is silicon, and its conductivity of the IGBT 
chip is affected by the junction temperature and the load 
current. Considering this, the equivalent resistance of the IGBT 
chip at the junction temperature is given by

 ce
eq

c Si

1= =
V HR
I LWσ                               (2)

in which Req, Vce, Ic, H, L, W, and σSi are the equivalent 
resistance of the IGBT chip, the OVD that is affected by 
junction temperature, the current of the IGBT module, the 
thickness of the IGBT chip, the length of the IGBT chip, 
the width of the IGBT chip, and the conductivity of silicon, 
respectively. Subsequently,

 c
Si

ce

I H
V LW

σ =                                   (3)

According to the output I-V characteristic curve of the data 
manual and conductivity expression [38], and combined with 
MATLAB curve fitting toolbox, the conductivity of silicon can 
be obtained that

(4)

Similarly, the heat capacity of silicon at constant pressure is 

calculated as [39] 

     (5)

Moreover, the material of both the baseplate layer and the 
direct bond copper layer is copper, and the conductivity and the 
heat capacity of copper at constant pressure are described as:

              (6)

Then, the multi-physical field is supplemented to analyze 
the coupling effects, which includes the setting of the related 
constraints and the introduction of the multi-physical coupling. 
Additionally, a combination of the thermal field and the stress 
field is developed, and eventually the electric-thermal-stress 
coupling of the IGBT module is made. To ensure model 
accuracy and computational efficiency, the user-defined mesh 
method is used. More specifically, the tetrahedron mesh 
method and the triangular mesh are adopted for the bond 
wire and the IGBT chip, respectively. Notably, the free mesh 
method and the subdivision mesh method are applied for the 
baseplate and the other layers, and the finite element mesh of 
the IGBT module is shown in Fig. 4. 

As mentioned previously, the model is of importance for the 
characterization behaviors of the IGBT modules. Due to this, 
the model accuracy is further evaluated. The I-V characteristic 
curves of the IGBT module provided by the multi-physical 
coupling model are compared to those of the data sheet with 
different junction temperature, which is shown in Fig. 5. 
Observations in Fig. 6 indicate that the characteristic curves 
of the multi-physical coupling model under different junction 
temperature agree with those of the data sheet well. Moreover, 
another comparison between the multi-physical coupling 
model and the data sheet in terms of thermal transient curve, 
and the results are shown in Fig. 6. As shown, a satisfactory 
agreement between the thermal transient curve of the proposed 
model and that of the data sheet is made, which justifies the 
accuracy of the multi-physical coupling model.

Fig. 3.  Geometric position of the upper copper layer.
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Fig. 4.  Finite element mesh of the IGBT module.
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III. Characterization Behavior Analysis of the On-
State Voltage Drop With the Effects of Bond Wire 

Degradation

In the proposed AM method, the OVD is used as the indi-
cator of the BWD. Considering this, in this section, the char-
acterization behaviors of the OVD with different operation 
conditions are analyzed in detailed based on the multi-physical 
field coupling model.

A. Characterization Behavior Analysis of the On-State Voltage 
Drop With the Effects of Bond Wire Lift-Off

The characterization behaviors of the OVD with different 
numbers of lift-off bond wires are first analyzed. The OVD of 
the IGBT module can be expressed as [16]:

ce ce c ce0= +V R I V                                   (7)

in which Rce and Vce0 are the on-state resistance and the inter-
section point of the horizontal axis of the I-V curve, respective-
ly. And,

                    (8)

in which Rchip, Rbond, Rcopper, and Rterm are the equivalent resis-
tance of the IGBT chip, the equivalent resistance of the bond 
wire, the equivalent resistance of the copper layer, and the 
equivalent resistance of the terminal, respectively. When the 
bond wire lift-off occurs, the increase of the on-state resistance 
can be observed. Consequently, the OVD is increased with the 
effects of bond wire lift-off, and shows a good sensitivity to the 
BWD, which can be seen in Fig. 7. With this characteristic, the 
OVD is selected as the indictor of the BWD. 

B. Characterization Behavior Analysis of the On-State Voltage 
Drop With Load Current Variations

Additionally, the effects of junction temperature swings on 
the characterization behaviors of the OVD are explored. The 
internal structure of the IGBT is shown in Fig. 8. The IGBT 
model in on-state state can be simplified as a P-i-N rectifier in 
series with a MOSFET operating in the triode region.

The on-state voltage when the MOSFET section operates in 
the triode region can be expressed as [40]:

 
( )
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−                        (9)

where Z is the cell pitch, LCH is the channel length, JC is the 
collector current density, μni is the inversion layer electron 
mobility, COX is the specific capacitance of the gate oxide, VG is 
the gate bias voltage, and VTH is the threshold voltage.

Then, the on-state voltage of the P-i-N rectifier can be 
expressed as:
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Function F(d/2La) is given by:
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where k is the Boltzmann constant, T is the temperature, q is 
the elementary charge, d is a half of drift region thickness, Da 
is the bipolar diffusion coefficient, ni is the intrinsic carrier 
concentration, La is the bipolar diffusion length, and VM is the 
voltage drop on the drift region.

Thus, the on-state voltage of IGBT can be expressed as:
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Fig. 6.  Performance comparison between the multi-physical coupling model 
and the data sheet in terms of thermal transient curves.

Model 25 °C
Data sheet 25 °C
Model 125 °C
Data sheet 125 °C
Model 150 °C
Data sheet 150 °C

Fig. 5.  Performance comparison between the multi-physical coupling model 
and the data sheet in terms of I-V characteristic curves.

Fig. 7.  Characterization behavior of the OVD with different numbers of lift-off 
bond wires.
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In (11), the first term predominates when JC is low, i.e., the 
IGBT conducts with small current. When the collector current 
density is large, i.e., when the IGBT conducts with large 
current, the third term dominates. In this case, the collector 
current of the IGBT increases linearly with the increase of the 
on-state voltage drop. Generally, in the linear region OVD is 
treated as a parameter for AM.

Referring to (12), the load current is involved in the OVD. 
Due to this, the characterization behaviors of the OVD are 
further investigated with load current variations based on the 
coupled multi-physical field model. In this case, the junction  
temperature is increasing, and the variations of the load current 
from 5 A to 50 A are applied. The simulation results are shown 
in Fig. 9, clearly, different load currents result in different 
characterization behaviors of the OVD. That means, the load 
current will significantly affect the performance of the OVD. 

C. Characterization Behavior Analysis of the On-State Voltage 
Drop With Junction Temperature Swings

To emphasize the effects of temperature on OVD, (12) can 
be expressed linearly as [41]:
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 is correlated with IC. When 

IC is equal to current threshold IC_0, OVD has no temperature 

dependent; when IC>IC_0, coefficient 
c

IGBT
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dV
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 
 
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>0, OVD is 

positively correlated with temperature; conversely, coefficient 

c

IGBT

I

dV
dT

 
 
 

<0, OVD is negatively correlated with tempera-

ture, as shown in Fig. 9. That is, the OVD is challenged by 
the issue of junction temperature swings, which may make 
the proposed AM method suffer from obvious performance 
degradation with different junction temperature.

From the above analysis, it is known that the OVD is 
accompanied by the challenges of junction temperature 
swings and load current dependence. A viable solution to these 
troublesome problems is provided by using the BPNN, which 
is elaborated in the next section.

IV. Implementations of the Proposed Bond Wire Aging 
Monitoring Method Based on the BPNN

The OVD is criticized for performance degradation with 
junction temperature swings and load current dependence. To 
address this, a bond wire AM method based on the BPNN is 
proposed, and the implementations of the proposed AM meth-
od are provided in this section. 

A. Basics of Back Propagation Neural Networks

As one of widely-used neural networks techniques, features 
like strong nonlinear mapping ability and flexible network 
structure make the BPNN attract much popularity. The BPNN 
that is based on the gradient descent method, is a multi-
layer feedforward network trained by using the error back 
propagation method [42].

Fig. 10 shows the block diagram of the BPNN, which 
includes the input layer, the hidden layer, and the output layer. 
x1, x2, …, xn and y1, y2, …, yn are the n-dimensional input and 
output of every sample in the BPNN. And, wi and bi (i = 1, 2, 

Fig. 9.  Characterization behavior of the OVD with different load currents and 
junction temperature.

E

C

C

Fig. 8.  One-dimensional structure of IGBT simple model.

°C

°C

C_0

Fig. 10.  Block diagram of the typical BPNN: (a) the structure of the BPNN and 
(b) the structure of the hidden layer.
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…, n) are the connection weight between the previous layer 
of neurons and the next layer of neurons, and the offset that 
is used for proper data fitting, respectively. The hidden layer 
is of importance for the BPNN, which mainly includes the 
sum operation and the activation function (see Fig. 10(b)). 
In the hidden layer, the use of the activation function is able 
to enhance the non-linearity, and hence, the performance 
improvement of the BPNN is made. There are two processes 
in the BPNN, i.e., the forward propagation and the back 
propagation. More specifically, in the forward propagation, the 
inputs undergo the nonlinear transformation through the hidden 
layer to generate the outputs. When checking the large errors 
between the reference output and the actual output, the back 
propagation is accordingly implemented. That is, the errors are 
transmitted through the hidden layer to the input layer. Then, 
the connection weight and the offset are adjusted to make the 
errors decrease along the gradient direction. In this way, the 
target of error minimization is eventually achieved.

B. Practical Implementation of the Proposed Bond Wire AM Method

Fig. 11 illustrates the block diagram of the proposed AM 
method based on the BPNN, in which five steps are involved 
in the implementations of the proposed AM method, i.e., the 
data acquisition, the pre-process, the sample division, the mod-
el training and validation, and the bond wire AM.

At first, extensive experimental tests are carried out to obtain 
OVD data of IGBT module at different load currents, different 
junction temperatures and different bond wire aging degrees. 
The test conditions are given in Section V. Then, the data of the 
OVD are pre-processed to guarantee the features of the OVD. 
That is, the collected data of the OVD are filtered to mitigate 
the effects of noise. And, the features of the OVD are extracted 
from these filtered data. Meanwhile, the extracted features of 
the OVD are normalized to remove the dimensional effects and 
eliminate the singular sample. With this, both the training time 
and the model convergence of the BPNN are maintained. In the 
proposed AM method, the maximum-minimum normalization 
method is used to make the extracted features normalize within 
the range of [0,1], which is described as

                              (14)

in which ix , xi, xmin, and xmax are the normalized feature of the 
training sample, the i-dimensional feature of the training sam-
ple, the minimum value and the maximum value of the training 

sample, respectively.
Afterward, the processed features of the OVD are further 

divided into the training set and the test set with an appropriate 
ratio of the number of the training set to the test set. In the 
proposed AM method, 80% of the samples of the OVD are 
used for the training set while the test set includes 20% of the 
samples of the OVD. A further process of random shuffling the 
training samples is implemented to improve the convergence 
speed. By doing so, the effects of overfitting are avoided and 
the generalization ability of the BPNN is improved. Moreover, 
as a supervised learning method, the training sample in the 
BPNN should be labeled, and in the proposed AM method, the 
number of lift-off bond wire is used as the label of the BPNN. 

The fourth step of the proposed AM method is the model 
training and validation, which is crucial for the proposed AM 
method. The architecture of the BPNN and the initialization of 
the BPNN are first performed. Notably, the number of the in-
put layer neurons is the dimension of sample feature while the 
number of the hidden layer neurons is determined according to 
the test results of the BPNN. As discussed previously, the acti-
vation function shows high importance in the BPNN and dif-
ferent types of activation functions are employed in the BPNN, 
which are given in (15)-(17). That is, the sigmod function and 
the tansig function are adopted in the input layer and the hid-
den layer, respectively. While, the output layer uses the purelin 
function as the activation function. 

 1sig mod( )
1 xx

e−=
+

                          (15)

 2

2
1tan sig( )
1

x

x
ex
e

−

−

−
=

+
                          (16)

purelin( )x x=                                   (17)

As for the initialization of the BPNN, the training times 
and the training target are set to 300 and 0.01, respectively. 
Specifically, the training target means the errors between the 
reference and the output of the BPNN during the training 
processes of every sample. Moreover, the learning rate of the 
BPNN should be carefully considered. This is because that a 
small learning rate makes the BPNN get stuck at local opti-
mum, and the BPNN model suffers from a slow convergence. 
By contrast, the BPNN with a large learning rate may swings 
at the minimum value, and even cause the divergence of the 
BPNN. In the proposed AM method, the learning rate is set 
to 0.02. Then, in the training set, the Levenberg-Marquardt 

Fig. 11.  Block diagram of the proposed bond wire aging monitoring (AM) method based on the back propagation neural networks (BPNN).
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method is used to implement the task of minimizing the errors 
between the reference and the output of the BPNN, aiming 
at a satisfactory training performance of the BPNN. In this 
method, the Gaussian-Newton algorithm is employed to iter-
atively optimize the parameters of the BPNN. Meanwhile, an 
attenuation coefficient is introduced in the BPNN to perform 
a quick convergence and the attenuation coefficient will be 
adjusted according to the errors of the BPNN. When the errors 
meet the requirements, the model of the BPNN is identified as 
well-trained. Eventually, with the assistance of the well-trained 
model, accurate AM of bond wire is achieved. The training 
process of the BPNN is shown in Fig. 12. Seen from Fig. 12, 
after 40 iterations, the errors of the training set and the test 
set are obviously decreased, and the errors of the BPNN ap-
proach the training target (i.e., 0.01), which demonstrates that 
an acceptable training performance of the BPNN is achieved. 
Then, the performance of the proposed AM method with the 
well-trained BPNN is examined, which is presented in Fig. 13. 
Observations in Fig. 13 suggest that with the assistance of the 
well-trained model, the proposed AM method exhibits a satis-
factory performance in terms of bond wire AM.

C. Performance of the Proposed AM Method With Junction 
Temperature Swings and Load Current Variations

As mentioned previously, the OVD is obviously affected by 
junction temperature swings and load current dependence. To 
address this, in the proposed AM method, solution to junction 
temperature swings and load current variations is provided, 
which is shown in Fig. 14. That is, the data of the OVD under 
different numbers of lift-off bond wires, different load currents 
and different junction temperature are collected (see Fig. 15). 
Then, with these collected OVD, the BPNN for bond wire AM 
is effectively trained. Subsequently, the measured OVD, the 
measured junction temperature and the measured load current 

are used as the inputs of the well-trained BPNN, and the infor-
mation of the BWD is obtained. By doing so, the task of bond 
wire AM is accomplished and the effects of junction tempera-
ture swings and load current dependence are avoided.

D. Performance of the Proposed AM Method for Early Bond 
Wire Aging

In practice, in addition to the complete lift-off, there are also 
early bond wire aging manifestations such as cracks. The early 
aging is difficult to monitor. In order to explore the perfor-
mance of proposed AM method for cracks, simulation for bond 
wire cracks is added based on multi-physical field coupling 
model.

As the cracks affect the contact area of the bond wire solder 
point, the contact resistance of the solder point increases. A 
method based on adjusting the contact resistance of the bond 
wire weld joints is used to simulate the diffusion process of 
cracks, and a schematic diagram of the contact resistance of the 
solder joints is given in Fig. 16. A random setting of 18 groups 
with different cracking degrees and current conditions are used 
as samples for analysis, as shown in Table I.

Fig. 13.  Performance the proposed AM method with the well-trained BPNN. Fig. 12.  Training processes of the BPNN.

Fig. 14.  Solution of the proposed AM method to junction temperature swings and load current dependence. 

Fig. 15.  Performance of the OVD with different numbers of lift-off bond wires, 
different load currents and different junction temperature. 
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In the previous simulation, the contact resistance is set to 
0.002 Ω for the healthy case of the bond wire. It is tested that 
when bond wire contact resistance is set to 0.0125 Ω, it is 
equivalent to the case of only one lift-off bond wire. Then, 
based on function fitting, the relationship between the bond 
wire contact resistance and the number of lift-off numbers 
N (N < 1) can be given by

bonding bonding0.002 0.002
0.1541 0.9681

0.0125 0.002 0.0125 0.002 10.9749 0.0251
R R

N e e
− −

− −= + −   (18)

Eighteen samples of different working conditions are used 
as inputs to the well-trained BPNN bond wire aging monitor-
ing model. Finally, the cracks simulation samples output results 
and the results obtained according to (18) are shown in Fig. 17. 
It can be seen that the error is in a small range, which indicates 
that the proposed AM method performs well for monitoring 
early aging such as bond wire cracks.

V. Experimental Results

To illustrate the effectiveness of the proposed AM method, 
the experimental tests based on the test bench in Fig. 18 are 
carried out, and the test cases are listed in Table II. Seen from 
Fig. 18, the experimental test bench consists of an infrared 
thermometer (Optris LT-CF2-CB3), the DC-link capacitors, 
the inductance, the heating plate, the driver board, the signal 
generator, the voltage sensor, the current sensor, the DC pow-
er supply, the oscilloscope, the host computer, and the tested 

IGBT module (Infineon FF50R12RT4). Notably, in the exper-
imental tests, the load current is varied from 5 A to 40 A with 
the interval of 5 A. It is difficult to quantify the aging degrees 
of the bond wire in the experiment, thus, the bond wire aging 
is simulated by stripping the bond wire, the number of lift-off 
bond wire is varied from 0 to 4, and the junction temperature is 

Fig. 16.  Contact resistance of bond wire solder joints (yellow marking). 

TABLE I
Bond Wire Early Aging Test Sample

Sample Rbonding  

 

Current 

 

Sample Rbonding  

 

Current 

 1 0.002 Ω 35 A 10 0.002 Ω 42 A 
2 0.003 Ω 30 A 11 0.004 Ω 6 A 
3 0.005 Ω 20 A 12 0.006 Ω 17 A 
4 0.005 Ω 50 A 13 0.007 Ω 9 A 
5 0.006 Ω 25 A 14 0.008 Ω 23 A 
6 0.007 Ω 45 A 15 0.009 Ω 34 A 
7 0.008 Ω 15 A 16 0.010 Ω 55 A 
8 0.009 Ω 10 A 17 0.010 Ω 34 A 
9 0.002 Ω 47 A 18 0.012 Ω 18 A 

Fig. 19.  Experimental circuit topology for double pulse test.

Fig. 17.  Bond wire monitoring performance of the proposed AM method by 
using the cracks simulation samples.

Fig. 18.  Photo of the experimental set-up. 

I L

TABLE II
Test Cases in the Experimental Tests

Test case Junction 

 

Load current  Number of lift-off 

  88 °C 5 A:5 A:40 A 0 
95 °C 5 A:5 A:40 A 0 
85 °C 5 A:5 A:40 A 1 
95 °C 5 A:5 A:40 A 1 

65.5 °C 5 A:5 A:40 A 2 
75 °C 5 A:5 A:40 A 2 

78.1 °C 5 A:5 A:40 A 3 

Case 1 
Case 2 
Case 3 
Case 4 
Case 5 
Case 6 
Case 7 
Case 8 101.9 °C 5 A:5 A:40 A 4 
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varied from 65.5 °C to 101.9 °C. With this, there are 320 data 
of the OVD that are used as the inputs of the BPNN, and the 
ratio of the training set to the test set is also given to 80%:20% 
during the training processes.

With the well-trained model, the bond wire monitoring 
performance of the proposed AM method is experimentally 
investigated, and the results are provided in Fig. 20. It is clear 
from Fig. 20 that the monitored lift-off bond wire provided by 
the proposed AM method makes a good agreement with the 
actual lift-off bond wire, thereby demonstrating the effective-
ness of the proposed AM method. The monitoring errors of the 
proposed AM method lie in a limited range of ±0.4. According 
to the experimental results, it is known that the proposed AM 
method enables to provide accurate information of the BWD. 

Figs. 21 and 22 show the performance of the proposed AM 
method with different junction temperature and different load 
currents. In the two cases, the number of the lift-off bond wire 
is set to 0 (that means the bond wire of the IGBT module is 
healthy), and the junction temperature is set to 88 °C and 95 °C, 
respectively. Based on the results in Figs. 23 and 24, the pro-
posed AM method shows an acceptable performance in terms 

of bond wire AM. Additionally, it is worth noting that with dif-
ferent junction temperature of the IGBT module, an achieve-
ment of accurate AM is still made by using the proposed AM 
method. 

Meanwhile, the performance of the proposed AM method 
with different junction temperature is further examined, and 
the results are presented in Figs. 23 and 24, in which 1 bond 
wire is lifted off. Seen from Figs. 23 and 24, the monitored lift-
off bond wire agrees with the actual lift-off bond wire well, and 
the issue of junction temperature swings makes a negligible 
effect on the performance of the proposed AM method.

Moreover, the case of 2 lift-off bond wires with different 
junction temperature is implemented, and the results are shown 
in Figs. 25 and 26. It is suggested that in this case, the bond 
wire AM performance of the proposed AM method is accept-
able, and the monitoring errors are within a reasonable range. 

To further evaluate the performance of the proposed AM 
method, cases of 3 and 4 lift-off bond wires are carried out, 
which are shown in Figs. 27 and 28. The results in Figs. 27 
and 28 indicate that the proposed AM method has the ability of 
providing the accurate information of the BWD. 

Fig. 20.  Bond wire monitoring performance of the proposed AM method by 
using the experimental tests.

Fig. 21.  Performance of the proposed AM method under case 1.

Fig. 22.  Performance of the proposed AM method under case 2.

Fig. 23.  Performance of the proposed AM method under case 3.

Fig. 24.  Performance of the proposed AM method under case 4.

Fig. 25. Performance of the proposed AM method under case 5.
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VI. Conclusion

This paper attempted a bond wire AM method based on the 
BPNN for IGBT modules. In the proposed AM method, the 
OVD is selected as the indicator of the BWD, and with the 
established multi-physical field coupling model of the IGBT 
module, the characterization behaviors of the OVD were thor-
oughly analyzed. The analyzed results revealed that the OVD 
shows a good sensitivity to the BWD but suffers from the seri-
ous performance degradation with junction temperature swings 
and load current dependence. Considering this, the BPNN is 
used in the proposed AM method to maintain the performance 
of bond wire AM under different operation conditions. Experi-
mental tests were conducted to extensively investigate the per-
formance of the proposed AM method. The results confirm that 
the proposed AM method exhibits a satisfactory performance 
of bond wire monitoring, and interesting benefits of avoiding 
the effects of junction temperature swings and load current de-
pendence are achieved.

Nevertheless, the proposed AM method needs to cooperate 
with the junction temperature monitoring methods and mea-
sure the OVD of the IGBT modules, which may increase the 

complexity of the proposed AM method in practice. Notably, 
many studies have given feasible OVD measurement methods. 
In addition, the junction temperature extraction based on ther-
mal network method can be used for the junction temperature 
information of the proposed method. Thus, further research 
efforts should be performed to achieve industrial applicability 
enhancement.
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