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Abstract—State monitoring technology is essential for the fault
prognostics and health management of power electronic devices.
Electromagnetic voiceprint (EMVP) signals, produced during the
switching transients of these devices, carry substantial information
about their health status. In recent years, EMVP signals have
gained attention as a promising state monitoring indicator for
power electronic devices. However, the mechanism by which the
health status of a device affects its EM VP signals remains unclear,
limiting their use in health monitoring. This article investigates the
impact of insulated gate bipolar transistor (IGBT) health status
on EMVP signals and develops a mechanistic model to illustrate
the influence of bond wire lift-off and solder aging on EMVP
signals. Simulation models were developed to analyze the impact
of both scenarios on EMVP signals. Typical features are proposed
to characterize the relationship between IGBT health status and
EMVP signal. Experimental validation supports the theoretical
framework and simulation results. The research provides a the-
oretical foundation for the development of reliability evaluation
methods based on EMVP.

Index Terms—Bonding wire lift-off, condition monitoring,
electromagnetic voiceprint (EMVP), influencing factor mechanism
model, insulated gate bipolar transistor (IGBT), solder aging.

1. INTRODUCTION

OWER electronics technology leverages power electronic

devices for the conversion of electrical energy and plays
a vital role in new energy generation and high-voltage direct
current transmission systems [1], [2], [3], [4], [5]. Traditional
methods to enhance the reliability of power electronic devices,
such as redundancy and derating operation, are no longer suffi-
cient to meet the rapidly growing safety requirements of these
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systems [6], [7]. The prognostics and health management (PHM)
techniques for power electronic devices can take preventive
measures before device failure, thereby reducing losses and
incidents, and effectively improving the operational reliability
of both the devices and the systems [8], [9]. In this context, mon-
itoring the health status of the devices is essential for effective
fault prediction and health management.

Power electronic devices are commonly monitored using
techniques such as thermistor-based electrical parameter moni-
toring [10], [11], [12], optical monitoring [13], [14], and mag-
netic field monitoring [15], [16]. These conventional meth-
ods, however, are limited by low resolution, invasiveness, and
the complexity of their monitoring circuits. Electromagnetic
voiceprint (EMVP) signals are mechanical stress waves gen-
erated by power electronic devices during switching operations.
The signals provide valuable insights into the health status of
power electronic devices. The appeal of EMVP-based condition
monitoring methods lies in their noninvasiveness and heightened
sensitivity, garnering widespread research attention in recent
years.

Karkkainen and colleagues were the first to observe that IGBT
modules emit EMVP signals during switching operations [17].
By analyzing the time differences in EMVP signals captured by
multiple sensors, they further identified the source of the sound
as being near the IGBT chip [18]. Subsequently, an increasing
number of scholars have begun to investigate the correlation
between EMVP phenomena and the operational states of de-
vices. Kozak and Gordon [19] employed broadband acoustic
emission (AE) sensors to capture and spectrally analyze the
sound signal waveforms of IGBT transistors. Bejger et al. [20]
examined EMVP signal waveforms and identified their correla-
tion with parasitic parameters. They further explored the tem-
perature’s effect, noting a potential EMVP decrease with rising
temperatures [21]. EMVP signal generation is tied to switching
electromagnetic transients, making it intimately connected to
electrical parameters. Li et al. [22] discovered a strong corre-
lation between low-frequency EMVP components and IGBT
turn-OFF current, with high-frequency components showing no
correlation. Bai et al. [23] confirmed EMVP’s viability for
condition monitoring by assessing factors like sensor position
and electrical parameters in MOSFET. Geng et al. [24] measured
the IGBT EMVP with a differential probe revealed the effects
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of bus voltage and turn-OFF resistance on signal intensity. While
experimental studies have provided valuable insights into EMVP
characteristics in power electronic devices, a comprehensive
theoretical framework is still lacking. And the application of
EMVP for comprehensive health status assessment has not yet
been fully exploited.

EMVP contains abundant information about the condition
of power electronic devices, including their health status.
Muller et al. [25] investigated the frequency spectrum dif-
ferences of EMVP in IGBT modules before and after aging.
Davari [26] proposed an assessment method based on charac-
teristic frequency peaks, derived from power cycling tests. Be-
jgeretal. [27] identified differences in the power spectral density
of EMVP between normal and faulty states. Similarly, Kozak
and Gordon [28] compared the frequency domain characteristics
of EMVP under various damage conditions, finding additional
frequencies emerging near the damage points. However, these
studies are primarily based on empirical observations and do
not explore the underlying monitoring mechanisms. This limits
their reliability in practical applications. In terms of theoretical
research, only Geng et al. [29] have studied the generation mech-
anism of EMVP. They suggested that EM VP is mainly produced
by the Lorentz force and thermal expansion effects. However,
their study focused only on EMVP signals generated within the
IGBT chip and did not address the mechanisms of EMVP signal
generation in the power device packaging. In summary, there is
a significant gap in research regarding the mechanisms by which
the health status of power devices influences EMVP.

To address these issues, this article investigates the mech-
anism model of EMVP signal generation in IGBT devices,
focusing on their packaging structure. Based on this, the effects
of bond wire lift-off and solder layer defects on EMVP signals
are studied. Corresponding mechanistic and finite element sim-
ulation models are proposed to explain the changes in EMVP
signals before and after the degradation of packaging reliability.
Finally, the validity of the theoretical and simulation models is
verified through experiments.

The rest of this article is organized as follows. Section Il intro-
duces the mechanism model. Section III develops finite element
simulation models to investigate the variations in EMVP signals.
Section IV presents experiments to validate the theoretical and
simulation models. Section V discusses the mechanism model
and EMVP health monitoring methods. Finally, Section VI
concludes this article.

II. MECHANISM MODEL OF EMVP UNDER THE INFLUENCE OF
PACKAGING STRUCTURE

A. Generation Mechanism of EMVP

Existing studies have shown that the EMVP in power elec-
tronic devices is generated by the combined effects of the ampere
force and thermal expansion effects [29]. The stress and strain in-
duced by the ampere force are calculated using elasticity theory,
while the thermal stress and strain resulting from temperature
variations are calculated using thermoelastic theory. From the
perspective of strain, the total strain tensor of an object is a
linear function of both the stress tensor components ¢7; and the
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Fig. 1. TO247 package bonding wire structure and current path diagram.

temperature strain tensor components 63;- as follows:
T .o
gij =¢y;tey,  4,J=1,23. (1)
According to the linear elastic and linear thermoelastic consti-
tutive relationships. The total strain tensor ;; can be expressed
as follows:

€ij = Tkkaij) + « (T - T()) 61] 2)

1 A
— (7 —
20 3A+ 20
Here, A and yi are Lamé parameters, 7;; is the stress tensor, « is
the linear coefficient of thermal expansion, 7" is the temperature,
and §;; is the Kronecker delta symbol. The elastic equilibrium
equation can be written as follows:

Tij,j + Fz = pul (3)

Here, F; represents the body force, p is the material density, and
11; denotes the acceleration. Under the assumptions of linear ap-
proximation and small strains, the strain-displacement equation
can be expressed as follows:

1
gij = 5 (uij +uji). )

Here, u is the displacement field of the medium. Using the
relationship given in (2), the stress can be expressed in terms
of strain. Applying (4), the wave equation in an isotropic elastic
medium can be obtained as follows:

(4 ) ujij + pui g5 — (A +2p)aT; + pfi = piis. (5)

Here, f; is the body force per unit volume. Compared to the
conventional wave equation [30], the third term on the left-hand
side (LHS) of (5) incorporates the effect of thermal expansion
stress. Meanwhile, the fourth term on the LHS represents the
influence of the Ampere force on the vibration.

B. Impact of Bond Wire Lift-Off on EMVP

IGBT devices typically use wire-bonded packaging, with
high-purity aluminum bond wires for internal electrical con-
nections. Taking the Infineon IKW75N60 T IGBT device as an
example, the device contains five bond wires. Two of the bond
wires are connected to the chip and the emitter, another two
bond wires are connected to the reverse-parallel diodes and the
emitter, and a finer bond wire is connected to the gate.

Fig. 1 shows the model of a single TO247-3 packaged IGBT
device. In real operating conditions, the bond wires connected
to the IGBT chip experience the highest thermal stress, making
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them particularly prone to lift-off and other defects. Therefore,
the model only considers the bond wires directly connected to
the IGBT chip. In the packaging structure shown in Fig. 1, the
collector is connected to the copper frame. When the IGBT is
turned ON, the collector current flows from the pin, through the
copper frame, IGBT chip, and bond wires, and then exits through
the emitter pin. Given the small size of the external pins and bond
wires, the internal current can be simplified to a line current
model. Assuming the collector current flowing in is /. For an
IGBT with N bond wires, the current /,, on each bond wire is
I/N. The current density J in the copper frame and inside the
chip can be solved as follows:

V-J =0
V-H =0
VxJz—au%—? ©)
V x H=J.

Since the conduction current is significantly greater than the
displacement current, the effect of the displacement current on
the magnetic field is neglected. According to the Biot—Savart
law, the magnetic induction dB generated by a current element
1dl at position r is given as follows:

o Idl x r

dB = i 7)

47 |r

Therefore, the currents in the collector pin, emitter pin, and
bond wires generate magnetic fields in space as follows:

40 Idl xr
Bco ector — T 8
llect yy /Cc BE ®)
Idl xr
Bemitter = %/ W (9)
Ce
po [ (I/N)dlxr
Bhond = Z /C S (10)
n=1 bn

Here, C,., C,, and Cy, represent the current flow paths of the
collector pin, emitter pin, and bond wire n, respectively.
The magnetic field generated by the current density J within
the copper frame in space can also be expressed as follows:
Jxr

_ Ho
Bcopper - E/"/ |I"3

where V represents the volume of the copper frame. By neglect-
ing the effects of distant current elements, the total magnetic
field near the bond wires can be expressed as follows:

dv (11)

B= Bcollector + Bemitter + Bbond + Bcopper . (12)

Further, the Ampere force acting on the ith bond wire can be
expressed as follows:

F, = /Cbn(I/N)dl x B.

Temperature fluctuations result in varying degrees of thermal
strain across different materials. Over time, the accumulation of
stress can lead to fatigue and lift-off of the bond wires. When
bond wire lift-off occurs, the current within the detached bond
wire drops to zero, while the current in the remaining bond

13)
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Fig. 2. Process of influence of bond wire lift-off on EMVP signal.

wires increases. In addition, the detached bond wire no longer
generates a magnetic field, leading to a change in the overall
magnetic field, which can be expressed as follows:

B / (I/N')dl x r
r|3

Here, N’ represents the number of bond wires maintaining
electrical connection.

Due to the limited impact of bond wire lift-off on the currents
in the collector pin, emitter pin, and copper frame, the magnetic
fields generated by these two components of current are assumed
to remain unchanged. At this point, the Ampere force on the ¢th
remaining bond wire can be expressed as follows:

Bl/oond (14)

F, :/ (I/N")dl x B'. (15)
C

n

Here

B, = Bcollecter + Bemitler + B{;ond + Bcopper . (16)

The mechanism of EMVP signal changes caused by bond
wire lift-off failure is illustrated in Fig. 2. During the transient
switching of the IGBT, the rapid variation of current causes
the bond wires to experience transient ampere forces, resulting
in vibrations. These vibrations propagate to the surface of the
device and are captured by the AE sensors. When a bond wire
lifts-off, significant changes occur in the current within each
bond wire. At the same time, the magnetic field around the bond
wire also changes due to the variation in current. The variation in
the electromagnetic field induces changes in the EMVP signals.
Theoretically, transient current changes within the copper frame
and IGBT chip would also induce corresponding EM VP signals.
However, since the copper frame experiences only magnetic field
changes without significant current variation, its impact on the
EMVP is less pronounced than that of the bond wire.
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Fig. 3. Mechanism diagram of the impact of heat conduction in the packaging structure on EMVP signals. Thermal pulse and thermal expansion of multilayer

materials caused by heat transfer effect together generate EMVP signals.

C. Impact of Solder Layer Defects on EMVP

Previous studies have highlighted the mechanism of EMVP
generation due to the thermal expansion effect in IGBT
chips [29]. This article will further elaborate on the crucial role
of heat conduction in the packaging structure in the generation
of EMVP. Fig. 3 illustrates the process by which the thermal ex-
pansion effect leads to EM VP signals. The IGBT device consists
of multiple material layers, with the copper frame and IGBT chip
tightly bonded together by a solder layer. The heat generated by
the IGBT chip is conducted through the chip-solder-copper path.
In the IGBT chip layer, a volumetric heat source is generated by
the electromagnetic thermal effect. Assuming uniform current
distribution within the chip, this can be expressed as follows:
Uc e’ Ic
Qv =—
where U, . is the collector-emitter voltage, . is the collector
current, and V is the chip volume. The IGBT chip layer satisfies
the heat conduction equation as follows:

pencen TN = ke TSP + Q.

a7

(18)

where peh, cch, and kg, are the density, specific heat capacity, and
thermal conductivity of the chip, respectively. T' represents the
temperature field within the chip. If the IGBT chip generates a
thermal pulse at time ¢, it will directly cause a temperature rise
in the chip. The chip’s thermal expansion effect will lead to the

EMVP signal of P1 part in Fig. 3 as follows:
EMVPch = W1 (t - to) (7 (t — to) (19)

where W1 (t — to) represents the EMVP signal generated by the
chip, and u(t — t) represents the step signal.

As the temperature of the chip layer increases, a temperature
difference exists at the interface between the chip layer and
the solder layer. In addition, the differing thermal expansion
coefficients of the chip and solder layer cause a significant
thermal stress concentration at the interface. This mismatch at
the boundary becomes a new source of EMVP emission. Since
the chip temperature rises almost simultaneously, the EMVP
signal shown in the P2 part also starts at time t( and is expressed
as follows:

EMVPch—sp—mis = W2 (t — t()) u (t — to) . (20)
In the solder layer, heat conduction follows:
psocsoTSO = ksonio 21

Here, the superscript so denotes the solder layer. Due to the
time required for heat conduction through the solder and chip,
it is assumed that a significant impact on the temperature of the
solder layer occurs after a time ¢;. Therefore, the EMVP signal
generated by the thermal expansion effect in the solder layer,
shown in the P3 part, can be expressed as follows:

EMVP,, = Wi (t — t1) u(t — ty). (22)

Subsequently, heat is conducted through the solder layer, and
at time to, it has a significant impact on the average temperature
of the copper frame. Therefore, the EMVP signal generated by
the thermal expansion effect in the copper frame, shown in the

P4 part, can be expressed as follows:
EMVP,, = Wy (t — to) u(t — t2). (23)

At the same time, the temperature changes in the solder layer
and copper frame will also cause thermal stress concentration
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near their contact interface, generating the EMVP signal due
to the mismatch in thermal expansion coefficients between the
solder layer and the copper frame, as shown in the P5 part. This
can be expressed as follows:

EMVPSO,Cf,miS = W5 (t — tg) ’U,(t — tz). (24)

It is important to note that the generation of all EM VP signals
is closely related to temperature changes, but each exhibits
different characteristics. W} shows an initial pulse followed
by attenuation due to the pulse heat source present when the
IGBT turns ON and OFF. W3 and W, exhibit lower frequency
variations as the thermal conduction process within the materials
acts over a longer time scale. Wy and Wj are closely related
to the temperature changes in the materials on both sides, as
well as their thermal expansion coefficients. The more intense
the temperature change, the greater the variation in the thermal
expansion dimensions of the materials over time. This results
in repeated stretching or compressing stresses on the materials,
generating EMVP signals with higher frequency and broader
spectral range. The EMVP signal captured by the sensor is the
superposition of multiple EM VP signals. The final EM VP signal
can be expressed as follows:

EMVP =Y "EMVP; = > Wi (t —t;)u(t —t;).  (25)

Another point to note is that the EMVP generated by the ther-
mal conduction process differs in time scale from that produced
by the ampere force. The EMVP induced by the ampere force is
based on transient electromagnetic forces, after which the device
enters a state of free vibration, with the total energy continuously
decaying. In contrast, the thermal conduction process occurs
more slowly, leading to the continuous generation of new EMVP
signals during heat transfer. As a result, the overall duration of
the EMVP is longer, and there may be periods where the EMVP
energy increases.

The impact of solder layer defects on EMVP signal can be
summarized in Fig. 4. If defects or degradation occur in the
solder layer, it will lead to an increase in thermal resistance and
heat capacity, affecting the heat conduction process. This results
in changes to the temperature-time curves of the multilayer
materials, which in turn affects the intensity of EM VP emission.
In addition, the increase in heat capacity alters the heat transfer
rate, changing the timing of the EMVP signal. Furthermore,
degradation of the solder layer can alter the properties of the
contact interface, which in turn affects the characteristics of
the EM VP emission source, leading to differences in frequency.
The frequency change phenomenon has been demonstrated in
previous studies [25], [26]. Finally, defects or degradation in
the solder layer will affect the propagation of the EMVP signal,
resulting in an increase in acoustic impedance. Overall, in the
presence of solder layer defects, the EMVP signal becomes:

EMVP' = > EMVP,
[

=D W/ (t—ti—thu(t—ti—t]). (26)
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Here, W/ is the EMVP signal affected by interface and propa-
gation characteristic changes, ¢, is the signal time delay caused
by changes in the heat capacity of solder layer.

III. FINITE ELEMENT SIMULATION MODEL
A. Bond Wire Lift-Off Impact on EMVP Signal Model

To simulate the impact of bond wire lift-off on EM VP signals,
a multiphysics finite element model coupling electromagnetic
fields and solid mechanics, as shown in Fig. 5, is built. The
IGBT device includes a copper frame, solder layer, IGBT chip,
epoxy resin package, collector, emitter, and multiple bond wires
connected to the emitter. Since the bond wires are enclosed
within the epoxy resin package, the model includes the epoxy
resin package as part of the simulation. The Z-axis is set to
be perpendicular to the surface of the package. Considering
that the magnetic field distribution of the current is primarily
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Fig. 6.

Simulation model of solder defects impact.

concentrated in the Z-direction, the size of the air domain is
set to exceed the IGBT model size by at least five times along
the Z-axis. The collector and emitter pins are extended to the
air domain boundary, adding terminal and grounding boundary
conditions. In addition, in the solid mechanics field, the bottom
of the collector and emitter pins is set as a fixed constraint
boundary. A peak current of 40 A is injected from the collector,
and the current waveform is represented as follows:

0.67t 0<t<60
0.1t — 16t + 640 60 <t <80 27)
0 t > 80.

The unit for ¢ is microseconds (us). Although IGBT devices
of typical TO247 packages generally have fewer bond wires,
the model includes up to five bond wires to better illustrate
the impact of bond wire lift-off on EMVP signals. The bond
wire material is set to aluminum. The internal body load of the
device is calculated using the Lorentz force effect. Rayleigh
damping is incorporated in the model to simulate the absorption
and attenuation effects of the EMVP signal as it propagates
through the solid. The parameteric scan function is used to
gradually reduce the number of bond wires and calculate the
EMVP signal of the device for different numbers of bond wires.
The measurement point is selected on the epoxy resin surface.

B. Solder Defects Impact on EMVP Signal Model

To simulate the impact of solder layer defects on EMVP
signals, a multiphysics finite element model coupling solid heat
transfer and solid mechanics is developed, as shown in Fig. 6.
In contrast to Fig. 5, the emitter pin and bond wire are excluded,
as their structures have minimal impact on the study of solder
layer defects. In addition, the epoxy resin layer is removed, as
its low thermal conductivity means that the heat generated by
the IGBT chip mainly propagates through the solder layer to the
copper frame.

For the boundary conditions, a high convection heat transfer
coefficient is applied to the surfaces in contact with the device’s
metal structure and air, while other surfaces are assigned a lower
convection heat transfer coefficient. The heat source is located
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within the IGBT chip, represented by a Gaussian pulse waveform
with an amplitude of 20 000 W and a duration of 0.5 pus.

A circular defect is set at the edge of the solder layer to
simulate delamination. The severity of the defect is controlled
by the void ratio, which is defined as follows:

_5h
=3
where S}, is the void area and S is the total area of the solder
layer. The void rates are set to 6%, 12%, 18%, 24%, and 30%

through a parameteric scan. EMVP signals are collected at the
center of the IGBT copper frame surface.

R, (28)

C. Simulation Results of Bond Wire Lift-Off Impact on EMVP

Fig. 7 shows the Von Mises stress distribution contour of the
IGBT device with varying numbers of bond wires. It is observed
that the stress is primarily concentrated on the bond wires due
to the higher current density in these areas, resulting in greater
ampere forces. When more bond wires are present, the current
and magnetic field distributions are more uniform, leading to
lower stress on both the bond wires and other parts of the IGBT
device. Conversely, as the number of bond wires decreases,
both the current and magnetic field become more concentrated,
causing a gradual increase in the peak Von Mises stress on the
bond wires.

Fig. 8 shows the EMVP signal waveforms for different num-
bers of bond wires. It can be observed that as the number
of bond wires decreases, the amplitude of the EMVP signals
increases. Although a single bond wire no longer generates
EMVP signals after it lifts off due to the absence of ampere
forces, the redistribution of current and magnetic fields caused
by the lift-off increases the total stress on the remaining bond
wires, thereby enhancing the EMVP signal.

Fig. 9 shows the variation of the peak-to-peak value of the
EMVP signal with the number of bond wires. The figure shows
that as the number of bond wires decreases, the peak-to-peak
value of the EMVP signal exhibit a faster growth trend. From
the simulation results, it can be seen that compared to early bond
wire failures, the EMVP signal is more sensitive to severe bond
wire lift-off.

D. Simulation Results of Solder Defects Impact on EMVP

As illustrated in Fig. 10, the simulated EMVP waveform of
an IGBT device with a 30% void ratio is used as an example for
explanation. The waveform is divided into two parts in the time
domain, namely, S1 and S2. The boundaries of S1 and S2 are
defined as the first local minimum of the peak envelope of the
EMVP signal after the IGBT device is turned OFF. Specifically,
the local peak curve is first used to identify the peak points
of the EMVP. Then, spline interpolation is applied to obtain
the peak envelope, and finally, the first local minimum of the
peak envelope after the IGBT device is turned OFF is selected.
From the overall characteristics of the waveform, the thermal
expansion waveform exhibits characteristics distinct from those
under the influence of ampere force. For the EMVP signals
generated by ampere force, the waveform shows a decaying
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trend. For the thermal expansion waveform, an initial decay
of the thermal expansion waveform is observed within the S1
time region. However, in the S2 time region, new generated
EMVP signals are continuously detected. The boundaries of
S1 and S2 characterize the point at which the initial EMVP
has attenuated to a certain degree, but the generation of new
EMVP has not yet significantly occurred. As described in the
theoretical model, the ampere force is a transient excitation that
disappears after a short period. Thermal expansion, however,
involves both heat generation and heat transfer processes. The
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Fig. 10.  Waveform of EMVP signal with 30% void ratio. In the S1 time region,
the EMVP signal is mainly generated by heat pulse. In S2 time region, the EMVP
signal is mainly generated by heat transfer process. After the last obvious EMVP
signal, the heat transfer tends to flatten out and no longer produces significant
EMVP signal.

initial thermal expansion displays transient characteristics, but
subsequent EMVP emissions continue due to heat transfer. The
time scale of the heat transfer process is longer than that of
the transient heat source excitation during switching, leading
to the phenomenon of initial waveform decay followed by the
emergence of new signals.

To illustrate the impact of solder defects on the waveform,
the initial relative peak—peak value, relative S1 time region
energy and the voiceprint energy dominance time are extracted
as features. The relative peak—peak value and relative S1 time
region energy is employed to represent the effect of pulsed
electromagnetic heat within the chip and is defined as follows:

P_peak
REP; = =

peak
0.06

E!
REE; = —&
EG o6
Here, P, is used to represent the EMVP signal of an IGBT device
with a void ratio of i. PP and E5" is the peak—peak value and

S1 time region energy of the waveform with different void ratios.

PP and E$ L is the peak—peak value and S1 time region energy

(29)

(30)
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Fig. 11. EMVP energy curve and the definition of energy dominance time

/\tq at void ratios of 0.18, 0.24, and 0.3.

TABLE I
RELATIVE REP AND REE WITH DIFFERENT VOID RATIOS

Void Ratio/% 6 12 18 24 30
REP 1.000  0.984 0980 0.999 1.007
REE 1.000 0981 0976 0.994  1.003

of the waveform with a 6% void ratio. Here, S1 region energy
is expressed as follows:

(3D

Asshownin Fig. 10, tg; is the duration of S1 stage. The EMVP
energy dominance time Atg, is defined as follows:

Ep,(t)>1.05-Ep (t) Vi#j, t€Aty.  (32)
Here, Ep(t) is the energy which is defined as follows:
to+At /2
Ep, (to) = / [P;(t)]?dt (33)
to— Aty /2

Here, At,, is the window size. Fig. 11 shows the EMVP energy
curves for void ratios of 18%, 24%, and 30% with a time
window length of 100. The energy dominance times for the three
cases are labeled based on the definition. The voiceprint energy
dominance time represents the time duration during which the
energy of the EMVP signal P; exceeds 5% of the energy of the
others. It characterizes the effect of solder layer defects on the
release time of the EMVP.

Table I shows the relative peak-peak value and relative S1 time
region energy with different void ratios. The results indicate
that the differences in these two features are minimal, with
the maximum differences being 0.98 and 0.976, respectively.
This is because, during the S1 stage, the thermal pulse has
just been generated, and significant heat transfer has not yet
occurred. Consequently, the temperature distribution remains
similar under the same thermal pulse, resulting in comparable
initial EMVP energy.

Fig. 12 shows the energy dominance time for different void
ratios. The figure indicates the time range and the central time
point of the dominance time for each void ratio. It can be
observed that as the void ratio increases, the central time point
shifts progressively later. This indicates that an increase in the
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Experimental platform.

void ratio affects the thermal capacity and thermal resistance,
leading to a delay in the generation of the EMVP. The result is
consistent with the theoretical analysis, which suggests that the
slowed heat transfer process results in a time delay in the EMVP.

IV. EXPERIMENT SETUP AND RESULTS
A. Experiment Platform

The experiment platform shown in Fig. 13 was constructed to
collect EMVPssignals from IGBT devices. The platform includes
a dc power supply, signal generator, AE probe, mounting fixture,
oscilloscope, wound inductor, and double-pulse test board. The
AE probe is the G150, with a frequency range of 40 kHz to
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Fig. 14.  Experimental circuit diagram. (a) Ampere force test circuit diagram.

(b) Thermal expansion test circuit diagram.

400 kHz. The AE probe is connected to a preamplifier and a
filter, with the preamplifier having a gain of 40 dB and a filter
frequency range of 20 kHz to 1.2 MHz. The oscilloscope is
YOKOGAWA DLM2034 with a sampling rate of 250 MHz. The
wound inductor is made from copper coils, and its inductance
value is calibrated using an impedance tester before each test.
The current probe used is the CP9012S, with a sensitivity of
50 mV/A. The voltage probe is a differential high-voltage probe
with a 500 attenuation factor. Preliminary tests identified three
major factors affecting the measurement of IGBT EMVPs: the
fixed position of the AE probe, the contact tightness between
the AE probe and the IGBT, and circuit board vibrations. To
eliminate the influence of these factors, a 3-D-printed mold was
used to ensure a consistent relative position between the probe
and the IGBT. In addition, a high-precision mounting fixture,
combined with a torque wrench, was used to maintain consistent
contact tightness between the AE probe and the IGBT. Finally,
copper standoffs were used to secure the circuit board to the
fixture base, minimizing the impact of vibrations on EMVP
signal collection. Preliminary tests were conducted to ensure
that these three factors do not affect the experimental results.
The experiment was based on the double-pulse test circuit shown
in Fig. 14. To prevent the interaction between ampere force and
thermal expansion effects, the circuit shown in Fig. 14(a) was
used to extract the EMVP generated by ampere force. In the
circuit, an additional controlled switch is added to the lower
bridge arm, while the device under test remains in an ON state,
ensuring that the thermal pulse of the device under test is nearly
zero. When investigating the impact of solder layer defects on
the EMVP signal, circuit Fig. 14(b) was used. By increasing
the turn-ON and turn-OFF resistance, the influence of the thermal
pulse was enhanced, ensuring that the EMVP energy due to
thermal pulses was at least ten times greater than that from
the ampere force. In the experiment, the bus voltage was set
as 500 V, and the current at the turn-OFF moment was 40 A.
Practical tests showed that due to the relatively low turn-OFF
current, the EMVP caused by the ampere force was minimal.
Therefore, in studies focusing on ampere force, the gain of the
preamplifier was increased to 60 dB.

B. IGBT Device Processing

The IGBT used in the experiment is TO-247 package, with
a rated voltage of 600 V, a rated current of 75 A, and an
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Fig. 15.  TO247 package bonding wire processing. (a) Cut the central bond
wire. (b) Cut the side bond wire. (c) Control group without cutting bond wire.

operating junction temperature 175°C. Fig. 15 illustrates the
process of device preparation for ampere force investigation.
The IGBT contains two bond wires internally, so a set of three
IGBT devices was used for comparative testing. The device’s
epoxy resin layer was selectively heated with a laser until a
portion was exposed, revealing the two bond wires connected
to the IGBT chip. One of the two bond wires was then cut
sequentially. An additional IGBT device served as a control,
with its bond wires left intact. Finally, the exposed section of
the epoxy resin layer was resealed with fresh epoxy resin. Once
the newly applied epoxy had hardened, it was lightly polished
to ensure a smooth surface. It was essential to carefully monitor
the depth of laser removal to avoid reaching the IGBT chip



8626

layer, which could lead to device failure. Throughout the removal
process, an infrared thermometer was used to continuously track
the surface temperature of the device, ensuring it stayed below
the rated junction temperature. If needed, the laser was turned
OFF to allow the device to cool. To ensure the reliability of the
results, three additional devices were treated in the same way
as a repeat control group. The experimental and repeat control
groups were labeled G1 and G2, respectively.

For the thermal expansion EMVP experiments, the devices
underwent accelerated aging tests through thermal cycling. Each
cycle lasted 1 h and included 25 min at a high temperature of
125°C, 25 min at a low temperature of —40°C, and a 10 min
transition phase. The devices were subjected to a total of 1000
hours of thermal cycling, which induced defects such as delam-
ination and voids in the solder layer. The EMVP signals were
measured at different stages: unaged, and after 250, 500, 750,
and 1000 hours of aging. It is worth noting that thermal cycling
aging may also cause defects in the bond wires. However, since
bond wire defects have an insignificant impact on heat transfer,
their effect on the experimental results is minimal.

C. Experimental Result of Influence of Bond Wire Lift-Off

Due to the fast response and short duration of the ampere
force, EMVP signals were collected around the IGBT turn-ON
and turn-OFF time points. Fig. 16(b) and (c) shows the EMVP
signals for group G1 and G2. Fig. 16(a) is the current of the
collector. The dashed lines in the figures indicate the status of
the controlled IGBT device in the lower bridge.

Each switching action of the device generates electromag-
netic noise that couples into the AE sensor, resulting in a
pulse followed by a period of high-frequency oscillation. The
low-frequency components in the EMVP waveforms reflect the
vibration characteristics of the device caused by the ampere
force. At 2 s, the controlled IGBT device turns ON, causing the
inductor current to rise. With small current magnitude and rate
of change, the ampere force is minimal, and the signal is mainly
composed of electromagnetic noise coupled into the sensor. At
13 ws, the controlled IGBT device turns OFF with a current of
40 A, generating a more significant electromagnetic coupling
pulse spike, followed by noticeable differences in the low-
frequency signal amplitude. The EMVP amplitude of devices
with intact bond wires is lower than that of faulty devices. At 18
18, the controlled IGBT device turns ON again with a current of
40 A. The low-frequency vibrations in the EM VP signals show a
more pronounced amplitude difference between devices before
and after lift-off. Furthermore, the vibration amplitude of device
with cut edge bond wire is higher than the cut center bond wires,
as the center bond wire is closer to the AE sensor, making its
vibration more easily detectable.

Fig. 17 shows the frequency spectrum of the EMVP wave-
form. It can be observed that within the frequency range of 100
to 120 kHz, there are noticeable differences in the EMVP signal
amplitudes under different bond wire conditions. A decrease in
the number of bond wires increases the EM VP intensity, which
aligns with the simulation results. Furthermore, the spectral
characteristics of the experimental group (G1) and the control
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Fig. 18. EMVP signals measured by 1000 h aging time device. In the S1 time

region, the EMVP signal is mainly generated by heat pulse. In S2 time region,
the EMVP signal is mainly generated by heat transfer process.

TABLE II
EMVP ENERGY DOMINANCE TIME WITH DIFFERENT VOID RATIOS

Aging Time/h 0 250 500 750 1000
REP 1.000 0944 0961 0949 0.834
REE 1.000 0967 0973 0958 0.836

group (G2) show minimal differences, indicating that the process
of removing the epoxy resin packaging and reseal has little effect
on the IGBT’s EMVP characteristics.

The influence of different positions of the failed bond line
on the EMVP signal can also be observed from the spectrum.
After the failure bond wire is disconnected, the amplitude of
the EMVP spectrum increases when the intact bond wire is
positioned closer to the AE sensor. This is because the AE sensor
is located at the bottom of the central bond wire, causing the
EMVP generated by the central bond wire to experience less
attenuation as it propagates toward the sensor. In addition, the
energy distribution at different frequency points in the spectrum
shows distinct variations. This is due to the close relationship
between EMVP propagation and solid boundary conditions.
EMVP generated by bond wires located at the edges is more
likely to be affected by the boundaries of the IGBT chip, such
as stress concentration at the edges.

D. Experimental Result of Influence of Solder Defects

Fig. 18 shows the EMVP signals measured at 1000 h thermal
cycling aging time. Over a longer time scale in S2 time region,
EMVP signals continuously generate, exhibiting characteristics
similar to the simulated waveforms. Within the first 40 us, the
initial EMVP energy is high, followed by a decay. This part of
the EMVP is caused by the thermal expansion of the chip and the
stress at the chip-solder interface, with the temperature change
being most pronounced during this period, resulting in a larger
amplitude. Between 40 ps and 160 ps, the previously decaying
EMVP signal shows an increase in energy, which persists for
a period, indicating the emission of a EMVP signal. After 160
s, temperature fluctuations across all layers stabilize, and the
EMVP weakens significantly.

Table II displays the first relative peak—peak values and S1
time region energy at different aging stages. The maximum
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Fig. 19. EMVP energy dominance time with different aging time. Short blue
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difference is 0.834 and 0.836, respectively. Both observed after
1000 h of aging. This is likely due to delamination and voids in
the solder layer, which alter the chip-solder interface properties,
resulting in EM VP signals with varying amplitudes. Overall, the
peak—peak value and energy differences across aging stages are
relatively small, which aligns with the simulation results.

Fig. 19 illustrates the EMVP enegy dominant time curve,
showing a noticeable trend of the central time point shifting
backward. In combination with Fig. 18, it can be observed that
during the dominant time period of the 1000 h aged device, there
is an increase in the EM VP amplitude, corresponding to the final
significant EM VP signal generated by the heat transfer process.
As the aging time increases, the dominant time gradually shifts
later. The results are consistent with the simulation data, con-
firming the validity of the proposed theory and simulation model.

V. DISCUSSION

A. Limitations of the Mechanism Model

The theory proposed in this article is a possible explanation
for the effect of package health status changes on EM VP signal.
Unfortunately, due to the tight integration of the IGBT package,
itis difficult to isolate and observe the impact of each component
of the packaging structure in the research. For example, the
EMVP signal caused by heat conduction is the superposition of
multiple EMVP emission sources that are hard to be separated.

Although the finite element method provides valuable insights
into the propagation of the EMVP within the device, it cannot
accurately model actual defects. Instead, it serves as an approxi-
mation of the real-world conditions. In addition, previous studies
have shown that factors such as bus voltage, turn-OFF current,
and AE sensor placement can also influence the EM VP signals of
IGBT devices. For instance, changes in sensor position can affect
the propagation path of the EMVP, resulting in the reception of
different signals. AE sensors located farther from the IGBT chip
will decrease the sensitivity of the EMVP monitoring method.
Since this article primarily investigates the impact of defects
on the EMVP, other influencing factors are not considered in
detail. Therefore, the study is conducted under conditions that
are nearly identical, with the exception of varying defect states.
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Nevertheless, the study provides a potential explanation for
the impact of solder aging on EMVP signals, as phenomena
such as the hypothesized delay in dominant time align with
experimental observations.

B. Effects of Different TO247 Packages

The proposed theory can serve as a foundation for health mon-
itoring of IGBT packaging. It is important to note that the IGBT
device used in this study represents a typical TO247 package.
In practice, TO247 packages from different manufacturers may
have distinct characteristics, such as variations in the positioning
of the IGBT chip within the package. To optimize monitoring
sensitivity, the position of the AE sensor should be adjusted
based on the location of the IGBT chip, minimizing the distance
between the EMVP and the sensor. In addition, the IGBT chip
is often integrated with a antiparallel diode within the same
package. However, the presence of the antiparallel diode does
not affect the performance of the EMVP monitoring method.
In the case of bond wire failures, the antiparallel diode does
not significantly impact the transient current variations during
IGBT chip switching. Similarly, for soldering defects, since the
switching loss of the antiparallel diode is much lower than that of
the IGBT chip, it does not notably influence the EM VP generated
by thermal expansion effects.

C. Extended Applicability of the Mechanism Model

In addition to the IGBT device used in this article, the pro-
posed mechanism models are also applicable to welded MOS-
FETSs, IGBT modules, and other power electronic devices. The
packaging of IGBT modules differs from that of TO247 devices
due to its more complex layered structure, which includes addi-
tional solder and ceramic layers. This configuration introduces
distinct characteristics in the generation and propagation of
EMVP. However, this structural change does not affect the tight
connection between the packaging layers, so it does not have a
greater impact on the generation and propagation of EMVP. The
mechanisms by which the defects discussed in this article affect
the EM VP characteristics are still applicable to IGBT modules.
In addition, an IGBT module with multiple semiconductor chips
may lead to some EMVP signal aliasing. Therefore, the sensor
position should be selected to maximize the energy contribution
of the EMVP signal from the chip being monitored. Moreover,
since the EMVP signals from different chips may exhibit phase
differences, employing a multisensor joint analysis can effec-
tively differentiate the signals from each chip. By analyzing the
current and heat transfer paths of different packaging structures,
the EM VP signals affected by defects can be further derived and
simulated, providing corresponding health monitoring methods.

VI. CONCLUSION

This article focuses on IGBT devices and investigates the
influence mechanism of the IGBT package health status on the
EMVP signals. It lays the foundation for the development of
reliability assessment metrics and methods for power electronic
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devices based on EMVP monitoring. The main contributions of
this article are as follows:

1) Forthe two typical reliability issues of IGBT devices, bond
wire lift-off and solder layer defects, EMVP emission
theoretical models based on ampere force and heat transfer
processes were proposed, explaining the influence mech-
anism of the device package health status on the signals;

2) A finite element simulation model coupling electromag-
netic transients and solid mechanics was established based
on the ampere force EMVP emission theory. The results
showed that the peak-to-peak value of the EMVP in-
creased as the number of bond wires decreased;

3) Based on the heat transfer process EM VP emission theory,
a finite element simulation model coupling solid heat
transfer and solid mechanics was established to investigate
the EMVP signals of IGBT devices under different solder
layer defects. The phenomena of the dominate time delay
with increasing aging were discussed;

4) By processing bond wire lift-off fault and solder aging de-
fects, experiments were conducted to measure the EMVP
signals in IGBT devices. The experimental results were
consistent with the simulations, confirming the accuracy
of the theoretical and simulation models.

The EMVP based health monitoring method for power elec-
tronic devices offers considerable potential for engineering ap-
plications, with power converters serving as a typical use case.
Since EMVP monitoring is a noninvasive technique, compact
AE sensor probes can be easily positioned near the device
under observation. Although various semiconductor devices
and inductors within the power converter generate EM VP sig-
nals, these signals experience significant attenuation in complex
structures, resulting in minimal interference between signals
from devices located at different positions. For spatial electro-
magnetic noise or other potential coupling noise sources, the rich
features contained within the signal waveform can be leveraged
to separate health condition features through methods such as
feature extraction and intelligent denoising. In comparison to
traditional static electrical parameter monitoring, EM VP signals
contain richer information. Compared to dynamic electrical pa-
rameter monitoring methods, EMVP requires a lower sampling
rate, making it more cost-effective. By deploying multiple AE
probes within the power converter, an array can be easily formed,
allowing for a comprehensive assessment of the overall system
reliability of the power converter. And in the future, EMVP
signal acquisition sensors with smaller sizes, enhanced anti-
interference capabilities, and improved electromagnetic compat-
ibility will significantly improve the effectiveness and broaden
the applicability of EMVP-based condition monitoring methods
in engineering.

To better validate the mechanisms, simulations, and experi-
ments in this study were designed to make one factor’s influence
much larger than the other. However, in practical conditions,
both factors are often coupled. Under different operating con-
ditions, the intensity ratio of the EMVP generated by ampere
force and heat transfer varies. For instance, when the switching
speed is fast, causing a large current rate of change but minimal
chip thermal power loss, the EMVP generated by ampere force is
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more easily detected. On the other hand, when the chip’s thermal
power loss is high, the EMVP generated by the heat transfer
process dominates. Future research will include investigating
ways to decouple these two types of EMVP signals through
sensor design, sensor placement, and signal feature extraction,
thus improving the monitoring of device health status.
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