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ABSTRACT IGBT modules are core components of power electronic converters, and their reliability has
gained significant attention. Among various reliability concerns, bond wire fatigue is a prominent issue.
Bond wire fatigue can alter the electrical characteristics of IGBT modules, affecting the turn-off process
of the IGBT. Consequently, it leads to changes in the collector-emitter voltage spike and the auxiliary
emitter-emitter voltage spike during the turn-off process. The paper proposes the utilization of the K factor
parameter which is not affected by the collector current and junction temperature, based on the collector-
emitter voltage spike and the auxiliary emitter-emitter voltage spike, for bond wire fatigue monitoring
of IGBT modules. Additionally, the monitoring of bond wire fatigue and junction temperature of IGBT
modules was achieved based on the K factor parameter and the auxiliary emitter-emitter voltage spike.
This provides a basis for the reliability assessment of IGBT modules.

INDEX TERMS IGBT module, bond wire fatigue, K factor, junction temperature extraction.

I. INTRODUCTION

IGBT (Insulated Gate Bipolar Transistor) module holds
unique advantages in terms of large capacity, high

performance, and cost-effectiveness. This provides ample
justification for the widespread application of IGBT module.
Such as renewable energy generation, high-voltage direct
current transmission, energy storage, and electric power
drive, among others. According to an industrial survey,
power device failures account for 34% of the failures in
power electronic converters [1]. Therefore, the reliability
issues of power devices represented by IGBT module have
become a focus of attention and research. Research has
shown that the aging and failure of module packaging
are the primary manifestation of IGBT module reliability
issues. In the aging and failure of IGBT module packaging,
bond wire fatigue is among the important types [2], [3],
[4]. Caused by the difference in the coefficient of thermal
expansion (CTE) between the chip and bond wire materials,
the junction temperature fluctuation can cause thermal stress
at the heel of the bond wire, resulting in fatigue of the

bond wire [5]. Furthermore, the bond wire fatigue can
affect the conduction loss and switching loss of IGBT,
which further accelerates the aging process of bond wire.
The bond wire fatigue occurs inside the module, which
adversely affects the thermal and electrical characteristics of
the IGBT module [6], [7], [8]. Existing bond wire fatigue
detection methods can be divided into two main categories:
active detection and passive detection methods [8]. Active
detection is achieved by transmitting detection signals, such
as ultrasonic waves, high-frequency electrical signals, etc.,
to the IGBT module to detect bond wire fatigue [9], [10],
[11], [12]. However, the complex detection device limits the
application of this method. Thus, the passive detection has
become the main detection method of bond wire fatigue
[13], [14].
Reference [15] uses a constant current source to charge

the gate and uses the charging time as the detection
parameter of bond wire fatigue. Nevertheless, this method
has low sensitivity and is prone to causing IGBT to be
mistakenly turned on. References [16] and [17] respectively
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use gate overvoltage during the turn-on process and gate
reverse overvoltage during the turn-off process as detection
parameters for bond wire fatigue. Due to the susceptibility
of gate voltage interference and low sensitivity during the
switching process, it cannot be applied to online detection
of IGBTs. References [18] and [19] respectively use the
overvoltage of the collector-emitter during the turn on and
turn off processes as the detection parameter of bond wire
fatigue. It should be noted that this method detects the
bond wire status of other IGBTs with the same bridge
arm, which is unfavorable for the current bond wire status
detection of IGBTs. Moreover, the inductance of the bond
wire is relatively small compared to external parasitic
inductance, and the sensitivity of these detection parameters
is also not high. References [20] and [21] use the changes
in collector saturation current and short-circuit current as
detection parameters of bond wire fatigue. However, the
saturation current and short-circuit current are very high.
Even though these methods have high sensitivity and anti-
interference capabilities, their implementation is difficult and
can cause irreversible damage to the module. Reference [22]
obtains module bond wire fatigue information by analyzing
the harmonics of IGBT collector-emitter voltage, which is
a method that can be applied online. However, the bond
wire fatigue information is not amplified and is highly
susceptible to interference. References [23], [24], [25] utilize
the influence of bond wire fatigue on the IGBT’s IV
characteristic curve to achieve online detection of module
bond wire fatigue. The methods are simple to implement
in engineering and has high sensitivity. However, like the
methods mentioned in the references above, it is affected
by various factors such as junction temperature, bus voltage,
and collector current.
In order to eliminate or reduce the influencing fac-

tors, [26], [27], [28] propose many detection methods for
bond wire fatigue based on multidimensional detection
parameters. Unfortunately, these methods either cannot
remove the key influencing factor of junction temperature,
or online detection is difficult to achieve. Consequently, this
paper proposes a method for bond wire fatigue monitoring
based on the K factor parameter. Firstly, the paper analyzes
the generation mechanisms of the collector-emitter voltage
spike and the auxiliary emitter-emitter voltage spike during
the turn off process, as well as their relationship with
junction temperature and bond wire fatigue. Secondly, the
ratio of collector-emitter voltage spike to auxiliary emitter-
emitter current spike, named the K factor, has been proposed
as a detection parameter for bond wire fatigue in IGBT
module. It is worth noting that the K factor is not influenced
by operating parameters such as junction temperature and
collector current in power electronic converter. This provides
convenience for subsequent online monitoring. Furthermore,
online monitoring of the K factor and the auxiliary emitter-
emitter voltage spike has been implemented on a power
electronic converter.

FIGURE 1. SRE100N065FSUT1M2 and its equivalent circuit.

II. THE K FACTOR AND THE MECHANISM OF VOLTAGE
SPIKE DURING IGBT TURN-OFF PROCESS
This section provides a detailed analysis of the mechanism
of voltage spikes generated by the collector emitter terminal
and the auxiliary emitter-emitter terminal during the IGBT
turn off process, and proposes a characterization parameter
K factor for detecting module bond wire fatigue based on
these voltage spikes. In addition, based on semiconductor
physics, the reliability factors such as junction temperature
and bond wire fatigue, as well as the impact of changes in
operating conditions on voltage spikes, were explained in
detail.
SRE100N065FSUT1M2 is a typical Easy2B packaged

IGBT module. Fig. 1 shows the appearance, internal chip
layout, and equivalent circuit model of the module. In the
equivalent circuit, Cge, Cgc, and Cce are the equivalent
capacitance of the IGBT, Lg1, Lg2, and Rint1 are the
equivalent inductances and resistance of the copper cladding
and wire in the gate circuit, LC and LE are the equivalent
inductance of the copper cladding in the power circuit and
Lbondwire is the equivalent inductance of the bond wire
between the IGBT chip and the copper cladding.

A. THE MECHANISM OF VOLTAGE SPIKE DURING IGBT
TURN-OFF PROCESS
The switching performance of IGBT can be obtained from
the IGBT double pulse testing circuit shown in Fig. 2.
The double pulse test circuit in Fig. 2 comprises the under

test IGBT in the green box and the freewheeling diode
(FWD), the load inductance Lload, the DC power supply
Vdc, and the pulse drive power supply Vpulse that drives the
IGBT. In addition, the parasitic inductance of the DC bus
capacitor and the line parasitic inductance are also shown
in the figure, represented by Ls1 and Ls2. Prior the IGBT
turn off process commencing, the collector current IC of
the under test IGBT is consistent with the load current IL.
When the IGBT starts entering turn off process, due to the
reversal of the gate driving power Vpulse, the direction of
the gate current Ig is as shown in Fig. 2. Subsequently,
the gate voltage Vge, collector current IC, collector emitter
voltage VCE, and auxiliary emitter-emitter voltage VeE will
vary according to their respective laws during the IGBT turn
off process.
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FIGURE 2. IGBT double pulse testing circuit.

FIGURE 3. IGBT turn off process with inductive load.

The IGBT turn off process can be divided into two major
steps [29], [30]. The Fig. 3 shows the waveforms of gate
voltage Vge, collector emitter voltage VCE, collector current
IC, and auxiliary emitter-emitter voltage VeE during the IGBT
turn off process.
The main feature of the first step is that the collector

emitter voltage VCE rises to the bus voltage Vdc. In this step,
due to the release of charges stored in the accumulation
layer and N-type drift region, the collector current IC can
maintain its original value unchanged. When gate voltage
Vge falls from the gate drive voltage Vgeon to the miller
platform voltage Vgp, the gate capacitor Cge acts as a power
source to discharge the gate circuit and gate current Ig rapidly
reverse increases to form overcurrent and then decreases to
the steady-state value. At this stage, the rapidly changing gate
current Ig generates inductance voltage VeE1 on the parasitic

inductance Lg2. As the collector current IC remains constant,
no voltage is generated on the parasitic inductance Lbondwire
and LE. Therefore, the auxiliary emitter-emitter voltage VeE
is equal to the inductance voltage VeE1 on Lg2.

The main feature of the second step is that the collector
current IC falls to zero. In this step, the gate voltage Vge
has dropped below the threshold voltage Vth, and the MOS
channel is closed [29]. However, there is still excess storage
charge to be consumed in the N-type drift region. Therefore,
the falling process of collector current IC in this step can
be divided into two stages. In the first stage, some holes in
the N-type drift region enter the P-well through the space
charge region and are then swept out by the emitter. In
the second stage, the remaining holes in the N-type drift
region are consumed by the recombination mechanism. The
disappearance of MOS channels causes the gate current Ig to
approach zero, and the equivalent inductance Lg2 of the gate
circuit no longer generates inductance voltage. The falling of
collector current IC causes a large inductance voltage VeE2
to be generated by the parasitic inductance Lbondwire of the
bond wire and the copper cladding inductance LE. Therefore,
the auxiliary emitter-emitter voltage VeE is equal to VeE2.

At this point, due to the load current IL flowing between
the load inductor Lload and the FWD, the falling of
collector current IC causes the voltage spikes on the parasitic
inductances Ls1 and Ls2 of the external line and DC bus
capacitor. This voltage spike is applied to the collector C
terminal and emitter E terminal of the IGBT, generating a
large peak voltage VCE_peak.

In summary, during the collector current IC falling stage,
the collector-emitter voltage peak VCE_peak and the auxiliary
emitter-emitter voltage spike VeE_spike can be expressed
by (1).
⎧
⎨

⎩

VCE_peak = VCE_spike + Vdc = (Ls1 + Ls2) · dIC
dt

∣
∣
∣
max

+ Vdc

VeE_spike = −(LE + Lbondwire) · dIC
dt

∣
∣
∣
max

(1)

From (1), it can be seen that the collector-emitter voltage
peak VCE_peak is formed by DC bus voltage Vdc and collector
emitter voltage spike VCE_spike, as shown in Fig. 3.

B. THE BOND WIRE FATIGUE CHARACTERIZATION
PARAMETER K FACTOR
The mechanism of the generation of VCE_peak and VeE_spike
during the falling stage of collector current IC during the
IGBT turn off process has been clearly explained. From (1),
it can be seen that the voltage spikes generated at the
collector-emitter terminal and the auxiliary emitter-emitter
terminal are directly related to the parasitic inductance and
the maximum rate of change of collector current.
Since the maximum change rate of collector current is

affected by the factors such as junction temperature Tj, DC
bus voltage Vdc, collector current IC, and bond wire fatigue,
both the collector-emitter voltage spike and the auxiliary
emitter-emitter voltage spike are affected by the above
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factors. A method that can eliminate or reduce the impact
of the aforementioned factors on the fatigue characteristic
parameters of the bond wire is desired. Utilizing the
characteristic that both the collector-emitter voltage spike
VCE_spike and the auxiliary emitter-emitter voltage spike
VeE_spike reflects the maximum rate of change of collector
current, the bond wire fatigue characterization parameter K
factor is proposed. This can be expressed as follows.

K =
∣
∣
∣
∣
VCE_spike
VeE_spike

∣
∣
∣
∣ = (Ls1 + Ls2)

(LE + Lbondwire)
(2)

From (2), the K factor is only related to the parameters
of parasitic inductance, and has nothing to do with junction
temperature Tj, DC bus voltage Vdc, and collector current
IC. Interestingly, the change in parasitic inductance caused
by module bond wire fatigue can be reflected in the K
factor. After the above simple analysis, if the physical
structure of the IGBT module other than the bond wire
is intact, namely, the parasitic inductances Ls1, Ls2, and
LE do not change, the K factor can be used to accurately
obtain the current bond wire fatigue information of the IGBT
without being affected by other factors. This provides great
convenience for distinguishing the junction temperature Tj
and bond wire fatigue of IGBTs.

C. THE MAXIMUM RATE OF CHANGE OF COLLECTOR
CURRENT IN COLLECTOR CURRENT FALLING STAGE
The collector-emitter voltage peak VCE_peak and the auxiliary
emitter-emitter voltage spike VeE_spike is affected by multiple
factors. It is known that these influencing factors all cause
changes in the voltage spikes by affecting the maximum rate
of change of collector current. The low doping concentration
and larger width allow the N-type drift region to store a
significant amount of holes during the IGBT on-state, and
the consumption process of these stored holes determines
the maximum rate of change of collector current. It should
be note that during the collector current falling stage, the
consumption of remaining holes in the N-type drift region
within the IGBT undergoes two steps, corresponding to
two charge consumption mechanisms: one is charge control
principle and the other is recombination. Both of them have
an impact on the maximum rate of change of collector
current.
The consumption of remaining holes within the N-type

drift region (N-doped region) and the expansion of the space
charge region (Depletion layer) are shown in Fig. 4.
The collector current density JC1 during the first step

of collector current falling stage can be expressed as
follows [30].

JC1(t) = a · b ·
(
a · b
JC,ON

+ 4Da · t
)− 1

2

(3)

In (3), a and b can be expressed as follows.
{
a = μn+μp

μn

b = q · Da · 2p0
(4)

FIGURE 4. The consumption of remaining holes during the collector
current falling stage.

In (4), μn, μp, is the electron and hole mobility; p0 is
the hole concentration during the IGBT on-state process; q
is the unit charge; Da is the bipolar diffusion coefficient;
JC,ON is the current density during the IGBT on-state.
The collector current density JC2 during the second

step of collector current falling stage can be expressed as
follows [30].

JC2(t) = JC,SS · exp
(

− 2t

τHL

)

= q · DnE · p2
0

LnE · NAE · exp
(

− 2t

τHL

)

(5)

In (5), DnE and LnE are the diffusion coefficients and
diffusion lengths of electrons in the P+ collector region,
respectively; NAE is the doping concentration in the P+
collector region; τHL is the carrier lifetime in the N-type base
region under high injection conditions; JC,SS is the initial
current of the second step.
JC1 and JC2 represent two steps of the collector current

falling stage. By simultaneously taking the derivatives of
both JC1 and JC2, the maximum rate of change of collector
current can be determined as the greater of the two resulting
values. This can be expressed as follows.

dIC
dt

∣
∣
∣
∣
max

= max

(

A ·
∣
∣
∣
∣
d[JC1(t)]

dt

∣
∣
∣
∣
t=0

,A ·
∣
∣
∣
∣
d[JC2(t)]

dt

∣
∣
∣
∣
t=0

)

(6)

In (5), A is the active area. The maximum rate of change
in collector current density for each step during the collector
current falling stage can be expressed as follows.

⎧
⎪⎪⎨

⎪⎪⎩

∣
∣
∣
d[JC1(t)]

dt

∣
∣
∣
t=0

=
∣
∣
∣
∣4Da · (

JC,ON
) 3

2 · (a · b)− 1
2

∣
∣
∣
∣

∣
∣
∣
d[JC2(t)]

dt

∣
∣
∣
t=0

=
∣
∣
∣
∣

2q·DnE ·p2
0

LnE ·NAE ·τHL

∣
∣
∣
∣

(7)

D. ANALYSIS OF THE FACTORS AFFECTING VOLTAGE
SPIKES
The junction temperature Tj, bond wire fatigue, and IGBT
operating parameters can all affect the collector emitter
voltage spike VCE_peak and the auxiliary emitter-emitter
voltage spike VeE_spike, but the ways of influence are
different. Fig. 5 shows the dependency details of junction
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FIGURE 5. The dependency details of the voltage spikes.

temperature Tj, bond wire fatigue, DC bus voltage Vdc, and
collector current IC on voltage spikes.
The parameters μn, μp, DnE, LnE, Da, τn, τHL and

JC,SS are the physical parameters of the semiconductor
and are all functions of the junction temperature Tj. The
reference [30] gives the functional relationship between
these parameters and the junction temperature Tj. After
comprehensive analysis, it is found that the maximum rate
of change of collector current decreases with the increase of
the junction temperature Tj, showing a negative correlation.

For bond wire fatigue, assuming that the DC bus voltage
Vdc and collector current IC remain constant, the decrease in
active area A will lead to an increase in JC,ON , which will
result in the maximum rate of change of collector current
being minimally affected by bond wire fatigue. However,
due to the parasitic inductance Lbondwire, it directly affects
the magnitude of the auxiliary emitter-emitter voltage spike
VeE_spike.

III. IGBT JUNCTION TEMPERATURE AND BOND WIRE
FATIGUE EXTRACTION METHOD
This section proposes a method based on the K factor to
distinguish between IGBT junction temperature and bond
wire fatigue by utilizing the bond wire fatigue model of
VeE_spike.

A. THE BOND WIRE FATIGUE MODEL OF VEE_SPIKE
Assuming that the parasitic inductance of a single bond wire
is defined as Lbs, and the remaining number of bond wires
is defined as nbondwire, and the total number of bond wires is
defined as ntotal. The bond wire in the module are composed
of multiple bond wires in parallel, so the parasitic inductance
of bond wire can be calculated as Lbondwire=Lbs/nbondwire.

According to (1), the auxiliary emitter-emitter voltage
spike VeE_spike model without considering bond wire fatigue
is as follows.

VeE_spike =
(

LE + Lbs
ntotal

)

· dIC
dt

∣
∣
∣
∣
max

(8)

Taking (8) as an example, the model of VeE_spike under
different deepening of bond wire fatigue as follows.

VeE_spike
∣
∣
bondwirefatigue =

(

LE + Lbs
nbondwire

)

· dIC
dt

∣
∣
∣
∣
max

(9)

FIGURE 6. Distinguishing method process.

To describe the VeE_spike model with bond wire fatigue
using the VeE_spike model without bond wire fatigue given
by (8), and to reflect the bond wire fatigue state, the
simplified bond wire fatigue model based on (8) and (9) is
as follows.

VeE_spike
∣
∣
bondwirefatigue

VeE_spike
= ntotal
nbondwire

· LE · nbondwire + Lbs
LE · ntotal + Lbs

= ntotal
nbondwire

· 1

AJX
(10)

In (10), AJX is referred to as the correction coefficient. It
can be seen that AJX is related to ntotal and nbondwire. When
nbondwire=ntotal, AJX=1. As the bond wire fatigue deepening,
nbondwire<ntotal, AJX>1.

B. DISTINGUISHING METHOD BASED ON K-FACTOR AND
VEE_SPIKE MODEL
The distinguishing process is shown in Fig. 6.

From Fig. 6, the K factor is utilized to obtain the current
bond wire fatigue state of the IGBT module. Subsequently,
based on a model of VeE_spike that takes into account the
junction temperature Tj, bond wire fatigue, and collector
current IC, the current junction temperature of the IGBT
under test is obtained.
It should be noted that only when the load current IL

flows through the IGBT can be referred to as the collector
current IC.

IV. EXPERIMENTAL VERIFICATION
This section tests IGBT’s dynamic characteristics using
a double pulse testing circuit, as shown in Fig. 2. The
theoretical analysis mentioned above has been validated
through experimental data, and a model for the K factor and
VeE_spike has been constructed. Additionally, in this section,
the bond wire fatigue was simulated by the number of cutting
bond wires.

A. EXPERIMENTAL CONDITIONS AND PLATFORM
In order to obtain the corresponding experimental data and
validate the theoretical analysis mentioned above, the IGBT
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FIGURE 7. IGBT dynamic characteristics testing platform (left) and power
cycling platform (right).

TABLE 1. Test conditions.

module dynamic characteristic testing platform was used to
test and analyze the module under test. The IGBT dynamic
characteristic testing platform is shown on the left in Fig. 7.
The testing conditions for the IGBT module are shown in

Table 1.
The IGBT module used is the SRE100N065FSUT1M2 series

packaged in Easy2B. The number of cutting bond wires
between the IGBT chip and the copper substrate represents
the fatigue levels as follows: Fatigue1 corresponds to cutting
2 bond wires, Fatigue2 corresponds to cutting 3 bond wires,
and Fatigue3 indicates cutting 4 bond wires.

B. EXPERIMENTAL RESULT
This part validates the effect of IGBT module collector
current IC, junction temperature Tj, and bond wire fatigue
on the waveforms of VCE and VeE in the IGBT turn off
process.
Firstly, according to (7) and Fig. 5, it can be concluded

that an increase in collector current density JC,ON of the
IGBT on-state the leads to an increase in the maximum
rate of change of the collector current, as evidenced by
the dependence on the influencing factors. The increase
in collector current IC leads to an increase in collec-
tor current density JC,ON under the condition that the
active area A remains unchanged. So, it can be concluded
that the maximum rate of change of collector current
will increase with an increase in collector current IC,
which is experimentally verified in Fig. 8. The aforemen-
tioned experiment was conducted under the conditions of
a healthy IGBT module and a junction temperature of
30◦C.
Similarly, based on the dependency details of the relevant

influencing factors in Fig. 5, the maximum rate of change of

FIGURE 8. The waveforms of VeE and VCE under different IC.

the collector current will decrease with increasing junction
temperature Tj. Combining (1), it can be concluded that the
collector emitter peak voltage VCE_peak and the auxiliary
emitter-emitter voltage spike VeE_spike will decrease with
increasing junction temperature Tj. Therefore, in order to
verify the influence of junction temperature on VCE_peak
and VeE_spike, testing was conducted on a healthy IGBT
module under the condition of a collector current of 60A.
The experimental waveforms are shown in Fig. 9.
The IGBT equivalent circuit model shown in Fig. 1

indicates that when the IGBT module experiences bond
wire fatigue, the parasitic inductance parameters between the
auxiliary emitter and emitter will undergo changes, leading
to an increase in Lbondwire. Based on the analysis provided
in the previous section, it can be inferred that the impact of
bond wire fatigue on the maximum rate of change in collector
current can be disregarded. Consequently, the variation of
parasitic inductance is the main factor affecting voltage
spikes.
In order to verify the influence of bond wire fatigue

on VCE_peak and VeE_spike, the same IGBT module with
different deepening of bond wire fatigue was tested under
the conditions of a collector current of 60A and a junction
temperature of 30◦C. The experimental waveforms are shown
in Fig. 10.
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FIGURE 9. The waveforms of VeE and VCE under different Tj.

Due to the minimal impact of bond wire fatigue on the
maximum rate of change of collector current, VCE_peak will
be slightly affected by bond wire fatigue.
Consequently, the experimental results are basically con-

sistent with the aforementioned analysis. It also provides
convenience for constructing the model of junction tem-
perature and bond wire fatigue based on the K factor and
VeE_spike.

C. VEE_SPIKE MODEL AND K FACTOR
In this part, the VeE_spike model of bond wire fatigue and
K-factor of the SRE100N065FSUT1M2 are established.
The waveform of VCE with bond wire fatigue illustrates

that VCE_peak is minimally affected by bond wire fatigue.
To further demonstrate this, the variation trends of VCE_peak
and bond wire fatigue under different conditions (junction
temperature, collector current) are shown in Fig. 11.
It can be seen that the influence of bond wire fatigue

on VCE_peak can be ignored. In addition, the relationship
between VCE_peak and junction temperature Tj under different
collector currents is shown by the dashed line in Fig. 12.
The solid line in Fig. 12 is the fitting result, so the

VCE_peak fitting model based on data acquisition is as follows.

VCE_peak = −0.003IC · Tj + 1.746IC + 425 (11)

According to the relationship between VCE_peak and
VCE_spike described in (1), combined with (11) and

FIGURE 10. The waveforms of VeE and VCE under different bond wire
fatigue.

Vdc=425V in Table 1, the model of VCE_spike as follows.

VCE_spike = −0.003IC · Tj + 1.746IC (12)

The relationship of VeE_spike and junction temperature Tj
under different collector current IC is shown by the dashed
line in Fig. 13. As the junction temperature Tj increases,
VeE_spike decrease.
The solid line in Fig. 13 is the fitting result, so the VeE_spike

fitting model based on data acquisition is as follows.

VeE_spike = −0.00013IC · Tj + 0.078IC (13)

The relationship of VeE_spike and bond wire fatigue under
different junction temperature Tj is shown in Fig. 14. As the
bond wire fatigue deepening, VeE_spike increases.
Since the number of bond wires to be tested for IGBTs in

SRE100N065FSUT1M2 module is 5, the VeE_spike simplified
bond wire fatigue model for SRE100N065FSUT1M2 module
is as follows using the VeE_spike simplified bond wire fatigue
model shown in (14).

VeE_spike
∣
∣
bondwirefatigue = VeE_spike · 5

nbondwire
· 1

AJX
(14)

Based on (2), (12), (13) and (14), the model for the
K factor parameter under the experimental conditions was
obtained, as follows.

K = VCE_spike
VeE_spike

∣
∣
bondwirefatigue

= 23 · AJX · nbondwire
5

(15)
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FIGURE 11. The relationship between VCE_peak and bond wire fatigue
under different conditions.

FIGURE 12. The relationship between VCE_peak and junction temperature
Tj under different collector current IC .

As mentioned earlier, LE is the parasitic induc-
tance of the copper cladding that exists between the
internal emitter terminal and the bond wire. In the
SRE100N065FSUT1M2 module, this parasitic inductance
does not differ significantly from the bond wire parasitic
inductance in terms of orders of magnitude. Therefore, AJX
is approximately equal to 1, and we can set AJX =1 in (15).

Based on this, the values of the K factor obtained
through calculations based on the K factor model and
actual measurements under different conditions are shown
in Fig. 15.

FIGURE 13. The relationship between VeE_spike and junction temperature
Tj under different collector current IC .

FIGURE 14. The relationship between VeE_spike and bond wire fatigue
under different junction temperature Tj.

FIGURE 15. The trends in actual and fitting values of K factor under
different conditions.

It can be seen that when the IGBT module does not incur
bond wire fatigue, the actual K factor parameters do not
exhibit a certain changing pattern with increasing junction
temperature and collector current. Instead, it fluctuates
around the fixed values provided by the K factor model.
This is consistent with the previous analysis, which suggests
that the K factor parameters are determined by the parasitic
inductance parameters. However, due to bond wire fatigue

VOLUME 12, 2024 447



LIU et al.: ONLINE MONITORING METHOD FOR BOND WIRE FATIGUE IN IGBT MODULE

FIGURE 16. The position of DUT and effective commutation path.

in the module, the parasitic inductance parameters undergo
changes. As shown in Fig. 15, in the region of fatigue
deepening, the K factor undergoes noticeable variations, and
as the fatigue deepening, the K factor decreases.

V. IMPLEMENTATION OF ONLINE MONITORING
To obtain real-time information on junction temperature
and bond wire fatigue in IGBT module, it is proposed to
utilize an oscilloscope as the data acquisition device. This
will be achieved by monitoring the junction temperature
characterization parameter VeE_spike and the bond wire
fatigue characterization parameter K factor. The specific
method has been illustrated in Fig. 6.
The oscilloscope is adjusted to automatic triggering mode

to record the signals of load current Iload, VCE, Vge and VeE
with the IGBT. The triggering source is set as VeE. When
the signal triggers, the direction and magnitude of Iload are
determined, and if the conditions are met, the K factor and
VeE will be outputted. The feasibility of online extraction
of the K factor and VeE_spike model scheme will be verified
using a three phase power cycling platform, as shown in
Fig. 7 (right).
The IGBT under test in the module is Ta3. Its position in

the topology and the partially effective commutation paths
that can be used for extracting the K factor and VeE_spike are
shown in Fig. 16.
The blue box in the Fig. 16 represents the IGBT under

test, and the red line represents an effective commutation
path that can be used to extract the K factor and VeE_spike
during the operation of the experimental platform.
The signal of the IGBT under test, collected by the

oscilloscope, is shown in Fig. 17.
Continuous reading of data obtained from the oscilloscope

enables online monitoring of the K factor and VeE_spike. The
variations of the K factor and t VeE_spike are recorded when
the load current was 30A and 60A, as shown in Fig. 18.
During the three phase power cycling platform, only the

voltage spikes generated by the load current flowing through
the tested IGBT can reflect the state of bond wire fatigue
and junction temperature. Only in this way can we obtain

FIGURE 17. The turn off waveforms of the IGBT under test within the
effective commutation path.

FIGURE 18. Online monitoring data for the K factor and VeE_spike.

the K factor and VeE_spike is correct, while the opposite is
incorrect.
Under the conditions of load currents of 30A and 60A,

the K factor parameter remains relatively constant in the
Fig. 19, which is consistent with the previous theoretical
analysis. It should be noted that the parameter value of
the K factor is approximately around 3.1, which differs
significantly from the parameter value in the previous K
factor model. This discrepancy is due to the inconsistent
external parasitic inductance parameters between the three-
phase reactive power inverter and the dynamic characteristic
test platform. Additionally, in order to suppress voltage
spikes, the three phase power cycling platform has added
absorbent capacitors at the IGBT module, which further
reduces the voltage spikes and leads to inconsistencies in the
K factor parameter values. Furthermore, VeE_spike increases
with the increase in load current, which is consistent with
the previous experimental results.

VI. CONCLUSION
The proposed approach in this paper utilizes the K factor as
a monitoring parameter for IGBT module bond wire fatigue.
This parameter is not affected by junction temperature, DC
bus voltage, collector current, or load current. Building upon
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this, the bond wire fatigue state obtained using the K factor is
combined with the VeE_spike model of bond wire fatigue can
extract the junction temperature of IGBT modules. It should
be noted that when obtaining the value of K factor based on
the SRE100N065FSUT1M2 module using AJX=1, there may
be deviations in the bond wire fatigue status determination
when LE is much larger than Lbondwire. Therefore, it is
necessary to adjust AJX based on the actual conditions of
the module’s LE.
Applying this method requires attention to two conditions.

Firstly, it is necessary to ensure that the bond wire is
located between the internal auxiliary emitter and emitter
terminal of the IGBT module. Secondly, changes in the
external parasitic parameters of the IGBT module need to
be taken into account. These two conditions need to be met
simultaneously, otherwise it will cause the method to fail.
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