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Abstract 

The multi-chip parallel insulated gate bipolar transistor (IGBT) is the core device in large-capacity power electronic 
equipment, but its operational reliability is of considerable concern to industry. The application of IGBT online deg-
radation state analysis technology can be beneficial to the improvement of system reliability. The failure mechanism 
of IGBT devices is discussed in this paper, and a technique for analyzing the degradation state of IGBT based on appar-
ent junction temperature is proposed. First, the distortion consistency of the voltage rise time in various failures 
is discussed, and the junction temperature dependence of the voltage rise time is then demonstrated. Subsequently, 
an apparent junction temperature model based on the voltage rise time is established (the fitting accuracy is as high 
as 94.3%). From the high-frequency model in the switching process of the device, an online extraction technology 
of key parameters (e.g., voltage rise time) is developed. Finally, an experimental platform for IGBT degradation state 
estimation is established, and the feasibility of IGBT degradation state estimation based on apparent junction temper-
ature is proved, especially the degradation of bonding-wire and the gate-oxide-layer. The experimental results show 
that the proposed IGBT degradation state estimation technique based on apparent junction temperature is a reliable 
online estimation method with non-contact, high accuracy, and comprehensiveness.

Keywords Degradation state analysis, Apparent junction temperature, Voltage rise time, High-frequency model

1 Introduction
The pre-diagnosis and health management system for 
major equipment is the frontier technique for the devel-
opment of the global manufacturing equipment industry 
in this century [1, 2]. Power electronic devices, as the key 
devices for electric energy conversion, are widely used in 
industrial, military, aerospace, and other major equip-
ment [2–4]. Because of the advantages of simple control, 
high power, high switching frequency, fast switching 
speed, and good thermal stability, IGBTs are used as the 

mainstream power electronic devices for much equip-
ment [5]. However, the failure rate of IGBT increases 
with current density, voltage level, and switching fre-
quency. Some research shows that 34% of converter sys-
tem failures are caused by the failures of IGBT devices [1, 
6, 7]. Therefore, the degradation state analysis technol-
ogy of IGBT is important, as it helps detect the failures in 
advance and promote life extension for the system.

At present, research on the pre-diagnosis and health 
management system of major equipment mainly cov-
ers three aspects: condition monitoring, fault predic-
tion, and health management [7]. Condition monitoring 
is based on fault prediction and health management, 
i.e., fault prediction is carried out through condition 
monitoring with high accuracy and low delay, and then 
health management can be realized. Condition monitor-
ing mainly includes junction temperature estimation and 
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degradation state estimation. Junction temperature esti-
mation is the basis of degradation state estimation, while 
degradation state estimation is the key aspect. To dis-
cover defective IGBT modules in major equipment in a 
timely fashion, junction temperature detection and deg-
radation state estimation of IGBTs have been extensively 
studied.

Various methods have been employed for detecting the 
junction temperature of IGBT modules, including optical 
non-contact measurement [8, 9], physical contact meas-
urement [10], thermal impedance model prediction [11, 
12], and temperature sensitive electrical parameter pre-
diction methods [13–15]. However, the first two meth-
ods are not suitable for actual inspection systems as they 
entail long delays and require the device packages to be 
destroyed [9, 10].

It has been confirmed that there exists a one-to-one 
mapping relationship between the internal microphysi-
cal parameters of semiconductor physical devices and the 
device junction temperature [16]. For instance, the carrier 
lifetime increases with the rise in junction temperature, 
while the carrier mobility decreases. The characteris-
tics of semiconductor materials exhibit a temperature-
dependent variation that is correlated with the device’s 
junction temperature, serving as the foundation for the 
temperature-sensitive electrical parameter extraction 
method. The device’s internal parasitic parameters (para-
sitic capacitance and inductance) are also influenced by 
the device’s degradation. Consequently, state detection of 
the chips can be achieved by using the temperature sensi-
tive electrical parameter prediction method.

Reference [17] proposes a fault detection method for par-
tial chip failure in multichip IGBT modules based on the 
turn-off delay time. The device failure is determined by 
the distortion of the turn-off delay time, but this method is 
only used for module-level fault detection, while the degra-
dation degree of the internal chip cannot be accurately esti-
mated. In [18], a health monitoring method for bond wires 
in IGBT modules is proposed based on voltage ringing 
characteristics, in which the bond wire degradation state 
is determined by the voltage pulse distortion rate on the 
anti-parallel diode. Reference [19] proposes a novel bond 
wire fault detection method for IGBT modules based on 
turn-on gate voltage overshoot, whereas [20] considers that 
the aging monitoring of the bonding-wire can be realized 
based on phase-frequency characteristics of differential 
mode conduction interference signals for the IGBT mod-
ule. In [21], a novel online chip-related aging monitoring 
method for IGBTs is proposed based on the leakage cur-
rent, while [22, 23] also investigate the monitoring of solder 
layer degradation in multi-chip IGBT modules based on 
combined TSEPs. However, most of the existing achieve-
ments focus on the degradation of a single type of device, 

and it is impossible to comprehensively evaluate the overall 
degradation of the IGBT modules.

To solve the above problems, references [14, 15, 24, 
25] propose a high-efficiency IGBT health state assess-
ment method based on data-driven techniques, although 
the online extraction of many key electrical parameters 
required cannot be achieved.

To sum up, the following two difficulties still need to be 
overcome for IGBT module status monitoring:

• PN junction temperature monitoring of power elec-
tronic devices and characterization methods for device 
degradation; and

• device-oriented non-contact online monitoring.

Therefore, an IGBT degradation state analysis technique 
based on apparent junction temperature is proposed in this 
paper. First, a “voltage rise time trv – collector current Ic – 
junction temperature Tj” health model is established based 
on a calibration experiment. The apparent junction tem-
perature of the device is then obtained based on real-time 
monitoring of the voltage rise time and the health model. 
Finally, the degradation of the IGBT is evaluated based on 
the apparent junction temperature overrun. More impor-
tantly, the principle of the high-frequency response current 
on the busbar caused by the rapid voltage change during 
the switching process of the IGBT device is discovered, 
while the high-frequency current information can be used 
to extract the voltage rise time during the turn-off process 
of the power electronic devices.

In Sect. 2, the key electrical parameters during the turn-
off process are introduced and the temperature depend-
ence of the voltage rise time is discussed. In Sect. 3, various 
failure conditions of the device in long-term applications 
are analyzed, and the degradation dependence of voltage 
rise time is discussed. In Sect. 4, the apparent junction tem-
perature model based on voltage rise time is established, 
and a method for the degradation state estimation based 
on that temperature is proposed (including a monitoring 
scheme for key parameters trv). In Sect. 5, the IGBT deg-
radation state monitoring simulation and experimental 
platforms are established in Saber and in the laboratory, 
respectively. Through simulation and experiment, the fea-
sibility of degradation state analysis based on apparent 
junction temperature is demonstrated. Section 6 draws the 
conclusions.

2  Turn‑off characteristics and junction 
temperature dependence of high‑power IGBT 
devices

Multichip parallel IGBT modules are widely used 
in high-power applications because of their abil-
ity to handle high current and voltage. A typical 



Page 3 of 14Xu et al. Protection and Control of Modern Power Systems            (2023) 8:54  

package structure of such modules, as exemplified by 
the Infineon module FF200R12KE4, is illustrated in 
Fig. 1a, while Fig. 1b shows the corresponding internal 
structure.

Different from low-power discrete IGBT devices, 
high-power IGBT modules consist of a group of IGBT 
chips in parallel with anti-parallel diode chips. Sub-
modules are formed between multiple chips through 
aluminum bonding-wires and copper layers in paral-
lel. Because of the existence of copper busbars between 
different sub-modules, parasitic inductance is inevita-
bly introduced into the current channel. The equiva-
lent circuit of an IGBT chip (the lower tube of the 
FF200R12KE4 module) containing the internal para-
sitic inductance is shown in Fig.  2, where Lac, Lg, LE, 
and Le represent the parasitic inductances of the collec-
tor, gate, emitter and auxiliary emitter, respectively. Rg 
is the gate driving resistance, Cgc is the Miller capaci-
tance, Cge is the gate-emitter capacitance, and Cce rep-
resents the collector-emitter capacitance.

2.1  Analysis of IGBT turn‑off characteristics
The electrical waveforms during the IGBT turn-off pro-
cess are shown in Fig.  3. The turn-off process can be 
mainly divided into 6 stages according to the charac-
teristics of voltage and current. Before t0, the IGBT is 
in the on state, and the gate drive voltage is V+, while 
Ig(t) = 0, Ic(t) = Id, and Vce(t) = Vce,on.

In the stage of t0-t1, the turn-off signal is given to the 
IGBT, so Ig changes rapidly. The gate capacitor begins 
to discharge, and the gate voltage Vge(t) drops rapidly, 
as:

(1)Vge(t) = V+ −�VG ∗ (1− e−(t−t0)/τG,L)

(2)�VG = V+ − V−

(3)τG,L = Rg ∗ (Cge + Cgc)

At the stage t1-t2, the gate voltage is clamped at the 
Miller plateau Vge,L, and the gate current Ig maintains a 
constant output value. At this time, the gate current Ig 
charges the Miller capacitor Cgc, and the collector volt-
age Vce(t) rises slowly because of the relatively large Cgc. 
Thus:
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Fig. 3 The electrical waveforms of the IGBT turn-off process
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At the stage t2–t3, Vce(t) gradually becomes higher 
than Vge(t), and it can be considered that the Miller 
capacitance is relatively small. At this time, the IGBT 
desaturation officially begins, and the collector voltage 
Vce rises rapidly with its rising slope expressed as:

At the stage t3–t4, the collector voltage Vce(t) rises to 
Vcemax, and the freewheeling diode is forward-biased. 
The load current Ic starts to transfer from the IGBT to 
the diode.

At the stage t4-t5, the gate voltage Vge(t) keeps 
decreasing, and so does the collector current Ic. At 
this time, the charges stored in the IGBT are gradually 
recombined.

At the stage after t5, as the tail current decreases, 
the gate voltage Vge(t) continues to decrease until 
Vge(t) = V-.

According to the definition of the electrical character-
istics of the semiconductor power device, t2-t3 is the volt-
age rise time trv.

2.2  Junction temperature dependence of voltage rise time 
during the turn‑off process

In the initial stage of the IGBT turn-off process, the gate 
voltage decreases to 0. Since the inductive load cur-
rent cannot be abruptly changed, the collector current 
remains at the magnitude of the on-state. At the same 
time, the collector voltage rises rapidly to the power sup-
ply voltage, the device is reverse biased, and the space 
charge region formed by the P base region/N base region 
is subjected to high voltage stress.

Assuming that the carrier recombination in the N 
base region can be ignored, the turn-off waveform of the 
IGBT is analyzed. The distribution of free carriers (holes) 
in the N base region is linear, as shown in Fig. 4, and can 
be expressed as:

During the initial stage of the turn-off process, the 
hole distribution curve does not change. However, as the 
space charge region widens, the hole concentration Pe at 
the edge of the space charge region increases [26]:

(4)Vge(t) = Vge,L

(5)Ig =
V− − Vge,L

Rg

(6)
dVce(t)

dt
= −

dVgc(t)

dt
= −

Ig

Cgc

(7)p(y) = pWNB + (1−
y

WN
)

The number of charges removed because of the wid-
ening of the space charge region is equal to the number 
of charges reduced by the collector current, i.e. [27]:

The relationship between the collector voltage Vce 
and the space charge region width WSC(t) is [26, 27]:

The hole concentration PSC in the space charge region 
is related to the collector current density JC,ON, i.e.:

According to (10)–(11), we can obtain:

In summary, during the device turn-off process, the 
voltage rise time can be expressed as [27]:

(8)pe(y) = pWNB + (
WSC(t)

WN
)

(9)

JC,ON = qpe(t)
dWSC(t)

dt
= qpWNB +

WSC(t)

WN

dWSC(t)

dt

(10)WSC(t) =

√

2WNJC,ONt

qpWNB +

(11)Vce(t) =
q(ND + pSC)W

2
SC(t)

2εS

(12)psc =
JC,ON

qvsat,p

(13)Vce(t) =
WN(ND + PSC)JC,ON

εSpWNB +
t

(14)trv =
εSpWNB + Vcemax
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εs is the relative permittivity, vsat, p is the hole saturation 
drift velocity (about 10*107(300/T)0.87) [26],  ND is the 
doping concentration, and  Ac is the chip area.

It can be found that the voltage rise time of the IGBT 
gradually increases with the increase of junction temper-
ature according to (12)–(15).

3  Degradation characteristics of power device 
voltage rise time

Junction temperature fluctuation is one of the key factors 
in the failure of IGBT modules. Because of the mismatch 
of thermal expansion coefficients between different 
materials, the junction temperature fluctuation will cause 
huge shear stress inside the module, which can lead 
to the rapid failure of the IGBT module. The failures of 
IGBT modules are mainly divided into the following two 
categories: failures related to IGBT packaging and those 
related to IGBT chips, as shown in Fig. 5.

The failures related to the IGBT package mainly 
include bonding-wire degradation, solder layer degrada-
tion, heat sink degradation. Bonding-wire degradation is 
the most common. The failures related to the IGBT chips 
are mainly reflected in the gate-oxide-layer degradation 
and gate drive degradation. Gate-oxide-layer degradation 
is the most common. It is found that the voltage rise time 
of the IGBT gradually increases with the degradation, 
and this is universal for all degradation types.

(15)JC,ON =
Ic

Ac

3.1  Failures related to the package
3.1.1  Bonding‑wire degradation
The bonding-wire is one of the weakest links in IGBT 
modules. It is continuously impacted by temperature 
fluctuations during long-term operation, and this can 
lead to cracks in the solder joints between the bonding-
wire and the silicon chip connection point, and eventu-
ally break or fall off. The schematic diagram of the failure 
of the IGBT bond wire is shown in Fig. 6. In actual oper-
ation, the falling off of one bonding-wire will cause the 
current to re-equalize, which will accelerate the falling off 
of other bonding-wires and cause the failure of the IGBT 
module.

The internal equivalent circuit of the IGBT considering 
the bonding-wire is shown in Fig. 7, where Re and RE are 
the parasitic resistances of the auxiliary emitter and the 
emitter, respectively. RW and LW are the equivalent resist-
ance and inductance of the bonding-wires, respectively. 
Vg is the drive voltage, and Vge is the gate-emitter voltage. 
Because of the structure of the device, the IGBT also con-
tains parasitic capacitances, in which Cdep is the depletion 
layer capacitance, Cox is the gate-oxide-layer capacitance, 
and Cgc is the gate-collector capacitance composed of  Cox 
and Cdep [28, 29].

As shown in Fig.  7, each metal emitter region of the 
module is connected to the emitter terminal through N 
bonding-wires. If the equivalent resistance of a single 
bonding-wire is RW

’, the equivalent terminal resistance of 
the whole bonding-wire part is:

Fig. 5 The main failure types of the IGBT

IGBT
FRD

Bond Wire
DBC

Heat Sink Baseplate

FF200R12KE4

A. IGBT Bonding-wire Degradation

B. Schematic Illustration of  IGBT Bonding-wire Degradation

Fig. 6 IGBT bonding-wire degradation
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During normal operation of the IGBT, temperature 
fluctuations will occur because of the unavoidable ther-
mal shock. This will lead to the falling off of the bonding-
wires. When there are only M bonding-wires left (M < N), 
the equivalent resistance of the bonding-wires is:

Other parasitic parameters of the IGBT module do not 
change with the break of the bonding-wire. According to 
(16)–(17), when the bonding-wires of the IGBT deterio-
rate and fall off, the equivalent resistance RW of the bond-
ing-wires in the IGBT increases, and at the same time, 
the gate-driven current Ig decreases.

At the stage t2-t3, when the IGBT begins to desaturate, 
the collector voltage Vce rises rapidly, and the gate voltage 
is shown as [30]:

According to (6)–(18), the voltage rise time in the 
turn-off process is affected by the deterioration of the 
bonding-wires. As the bonding-wires gradually degrade 
and fall off, the gate-driven current Ig (Ig is negative) 
decreases, and then the voltage rise time becomes longer.

3.1.2  Solder layer degradation
On the one hand, the solder layer connecting each 
layer of the IGBT module plays the role of electrical 

(16)RW =
R′
W

N

(17)RW=
R′
W

M

(18)Vg = Ig(Rg + RW + Re)+ (LW + Le)
dIg

dt

connection and mechanical support, while establishing 
the heat dissipation channel of the module. The realiza-
tion of the module functions all depends on the reliable 
connection provided by the solder layer. The continuous 
thermal network model (Cauer model) reflects the physi-
cal conduction process of heat capacity of semiconduc-
tor devices with internal thermal resistance and can be 
established when the material properties of each layer 
are known. As shown in Fig. 8, each layer of the module 
(chip, chip connection, substrate, etc.) can be represented 
by an independent RC unit.

The failure evolution process of the solder layer is 
shown in Fig.  9. The thermal expansion coefficient of 
the solder layer is different from those of the silicon chip 
and the copper layer. Thus, when the device is heated, 
the expansion sizes of the solder layer, the silicon chip 
and the copper layer are also different. Different expan-
sion sizes cause the solder layer to be subjected to shear 
stress during the operation of the IGBT. This will also 
change with the junction temperature fluctuation. The 
solder layer will be stretched and squeezed to different 
degrees under the action of shear stress, and eventually, 
cracks will occur. As the device operating time and junc-
tion temperature increase, the cracks continue to grow 
and form voids, which eventually lead to IGBT failure. At 
the same time, cracks in the solder layer lead to cracks 
and delamination. These increase the thermal resistance 
between the silicon chip and the copper substrate, and 
the heat dissipation of the IGBT will be affected.

When the transferred power loss P(t) and the case tem-
perature TC are known, the junction temperature Tj can 
be expressed as:
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Fig. 7 Internal equivalent circuit diagram of IGBT module

Fig. 8 Continuous thermal network model of IGBT
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As the solder layer degradation becomes severe, the 
equivalent thermal resistance will gradually increase. 
When the device case temperature remains unchanged, 
the device junction temperature will further increase, 
which is reflected in the increase of the voltage rise time 
trv.

3.1.3  Heat sink degradation
The heat sink degradation mainly includes the failure of 
the thermal conductive layer and the failure of the heat 
sink.

To improve the heat dissipation capability, IGBT power 
modules are installed on the air-cooled or water-cooled 
radiator through heat dissipation silicone grease. During 
long-term operation of the IGBT, the performance of the 
heat-dissipation silicone grease may gradually degrade or 
even fail. The failure of the IGBT cooling system mainly 
includes the failure of the thermally conductive layer or 
the failure of the radiator. The failure of the heat sink 
causes the heat dissipation performance of the IGBT to 
decrease, resulting in a gradual increase in the junction 
temperature, which is then reflected in the increase in the 
voltage rise time trv.

3.2  Failures related to the chip
3.2.1  Gate‑oxide‑layer degradation
Semiconductor devices such as IGBTs can be regarded 
as series or parallel systems composed of multiple com-
ponents or materials [29]. In these systems, there are 
many solid-phase interfaces. Under the action of elec-
trical, thermal, physical, and chemical stress, interface 
effects are generated, resulting in interface fatigue failure. 
The most common failure reasons are the time-depend-
ent dielectric breakdown (TDDB) and the injection of 
hot carriers. The time-dependent dielectric breakdown 
means that when the electric field applied to the MOS 
gate-oxide-layer is lower than its intrinsic breakdown 
field strength, intrinsic breakdown is not caused, but 
the gate-oxide-layer breaks down after a certain time. 
The injection of hot carriers is caused by the injection of 
high-energy electrons and holes into the gate-oxide-layer, 
which will result in damage to the gate-oxide-layer.

The abrupt change of collector-emitter voltage during 
turn-off is mainly affected by the Miller capacitance Cgc. 
As shown in Fig. 2, the Miller capacitance Cgc is mainly 
composed of the depletion layer capacitance Cdep and the 
gate-oxide-layer capacitance Cox. The degradation of the 
gate-oxide-layer capacitance is the main reason for the 
gate-oxide-layer degradation. The above capacitances can 
be determined as [31]:

(19)Tj = P(t)

n
∑

i=1

Zth(i)+ TC

where A is the total chip area, α is the oxide layer overlap 
ratio, tox is the oxide layer thickness, εox is the oxide die-
lectric constant, εsi is the silicon dielectric constant, and q 
is the quantity of electricity.

At present, the main metal material in power semicon-
ductor devices is aluminum, and most of the gate-oxide-
layer capacitance is formed by the Al-SiO2 interface. 
Because of the large-area erosion of  SiO2 by Al, the parti-
cle concentration of the  SiO2 layer changes, which mani-
fests as an increase in the equivalent dielectric constant 
εox of the gate-oxide-layer, and leads to device failure. 
The reaction is shown in (23) as an exothermic reaction, 
which can make the local temperature exceed 557  °C to 
form aluminum and silicon alloys. Then the gate of the 
IGBT will rapidly break down or become short-circuited 
at high current.

With the evolution of gate-oxide-layer degradation, 
the equivalent dielectric constant εox increases, and the 
Miller capacitance Cgc increases, which is manifested as 
an increase in the voltage rise time trv, as shown in (6), 
and (22)-(23).

3.2.2  Gate drive degradation
As shown in Fig.  7, the gate resistance Rg is integrated 
into the IGBT module. However, as the long-term ther-
mal cycle and power cycle, Rg gradually increases, while 
the gate-emitter drive voltage Vge and drive current 
Ig decrease. According to (6) and (18), it can be found 
that the voltage rise time during the turn-off process is 
affected by the degradation of the gate resistance. With 
the degradation of the gate drive resistance, the gate drive 
current Ig (Ig is negative) decreases, which causes the 
collector voltage to rise more slowly (voltage rise time 
becomes longer).

4  Degradation state estimation of devices based 
on apparent junction temperature

All types of IGBT degradations can result in the increase 
of voltage rise time and deviations from the apparent 
junction temperature model. Therefore, in this paper, the 

(20)Cgc =
CoxCdep

Cox + Cdep

(21)Cox = Aα
εox

tox

(22)Cdep = A

√

qNDεsi

2(Vce − Vgeth)

(23)4Al + 3SiO2 → 2Al2O3 + 3Si
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degradation state estimation of IGBT based on apparent 
junction temperature is proposed.

4.1  Apparent junction temperature model based 
on voltage rise time

It can be found that the voltage rise time in the turn-off 
process of IGBT is closely related to the junction temper-
ature, and the junction temperature can be represented 
by the collector current and the voltage rise time, accord-
ing to (7)–(15).

The healthy IGBT module is calibrated first and 
then the trv—Ic curve model is established, and can be 
expressed as:

α1, α2, β, and η are constants which are related to the 
device itself. The curve is the "original" model of the cor-
responding power electronic device, reflecting the rela-
tionship between trv, Ic, and Tj.

For the device to be tested, it is only necessary to input 
the corresponding collector current and voltage rise time 
into the "original" model, and the output is the apparent 
junction temperature Tjs. Although this junction temper-
ature is not the real junction temperature, it (i.e., Tjs) can 
be used to express the degradation state of the IGBT. In 
general, when Tjs > Tjmax (the maximum junction temper-
ature allowed by the chip), it can be determined that the 
IGBT is degraded and needs to be replaced. The process 
is shown in Fig. 10.

4.2  Measurement feasibility of voltage rise time 
during turn‑off

Based on high-frequency pulsed signals (coherent with 
trv) induced on inductive elements in power electronic 
circuits, an online detection method of voltage rise time 
based on a high-frequency pulse signal is developed in 
this paper, and the accurate extraction of voltage rise 
time is realized.

In real converter systems (e.g., non-isolated DC/
DC BOOST and BUCK circuits, motor drive systems, 
etc.), when the power electronic devices are turned off, 
the voltage at both ends of the devices will be mutated, 
resulting in the voltage mutation of inductor compo-
nents or motor windings. It has been proved that the 
voltage mutation process, namely the voltage rise time, is 
closely related to the degree of junction temperature and 
degradation.

Based on the above situation, an online detection 
method of voltage rise time is proposed based on the 
transient high-frequency model of the switching process. 
In fact, the high-frequency model is composed of a high-
frequency differential-mode model and a high-frequency 

(24)Tj = f

(

I2c , Ic,
1

trv

)

= α1I
2
c + α2Ic + β

1

trv
+ η

common-mode model. However, according to our 
research, the start and end points of the high-frequency 
pulse are not affected by the high-frequency common-
mode model, so it can be neglected. Therefore, only the 
high-frequency differential-mode model is discussed 
below.

During the rapid turn-off process, a high-frequency 
pulse signal iHF (tHF corresponding to trv) will be gener-
ated on the inductance of the application circuit. There-
fore, the detection of the voltage rise time can be replaced 
by the detection of the high-frequency pulse signal. This 
will greatly reduce the detection difficulty and cost.

Most power electronic conversion systems can be 
equivalent to the following three parts: ① equivalent 
voltage source Us(t); ② other circuit components; and ③ 
inductance equivalent circuit.

The equivalent voltage source is composed of the 
power supply and power electronic devices, the other cir-
cuit components are the remaining components, and the 
inductive equivalent circuit is the inductive load in the 
circuit.

At high frequency, the inductance equivalent circuit 
can be represented by two branches in parallel. Branch 1 
consists of an equivalent inductance L2 and an equivalent 
resistance R2 in series, while branch 2 consists of equiva-
lent capacitance C1 and equivalent resistance R1 in series. 
The whole high-frequency equivalent circuit is shown in 
Figs. 11 and 12, taking the respective BOOST circuit and 
H-bridge inverter circuit as examples.

When the power device is turned off, the equivalent 
capacitance of branch 2 is charged by the high-frequency 
pulse current. From the calculation, the equivalent 

Fig. 10 Degradation estimation flow of IGBT devices based 
on apparent junction temperature
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voltage source voltage and high-frequency current are 
shown in Fig.  13. The voltage excitation is ΔUL = −Vce, 
and the leading edge of the high-frequency pulse current 
during the turn-off process is expressed as:

The back edge of the high-frequency pulse current dur-
ing the turn-off process is expressed as:

From the time difference between the leading edge 
and back edge of the entire high-frequency current pulse 
signal (differential method), the voltage rise time can be 
accurately extracted. The resulting signals are shown in 
Fig. 14, where the red, blue, and green curves represent 
the gate-emitter voltage, the collector-emitter voltage, 
and the high-frequency pulse current, respectively.

(25)ic(t) = (e−
t
RC − 1)

CVcemax

tHF

(26)ic(t) = −
Us(t1)

R1
e
tHF−t
R1C1

Fig. 11 High-frequency equivalent circuit model of BOOST circuit

Fig. 12 High-frequency equivalent circuit model of H-bridge circuit

Fig. 13 The consistency of high-frequency pulse signal and voltage 
mutation during the turn-off process

Fig. 14 Extraction and verification of voltage rise time based 
on high-frequency pulse current signal
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It is also noted that the high-frequency isolation sensor 
used in the experimental platform for online extraction 
of voltage rise time is very cheap, and the high-frequency 
pulse current signal can be extracted by non-contact 
from the output current through the high-frequency iso-
lation sensor. The sensor is mainly composed of three 
parts: a magnetic focusing ring, a low-frequency current 
detection unit, and a high-frequency electromagnetic 
coil.

The oscillation frequency of the high-frequency pulse 
current signal is in the MHz level, so the Rogowski coil 
is used. The Rogowski coil is composed of a magnetic 
ring and a high-frequency electromagnetic coil. Based 
on the principle of electromagnetic induction, the high-
frequency magnetic field gathered in the magnetic ring is 
converted into voltage signals for output. It has the char-
acteristics of high bandwidth, high signal-to-noise ratio, 
and low cost. The low-frequency current detection unit 
is realized by the Hall principle, and the low-frequency 
magnetic field gathered in the magnetic ring can be con-
verted into a voltage signal for output.

As shown in Fig.  15, the high-frequency and low-fre-
quency components pass through the virtual oscillo-
scope and data processor, and the voltage rise time trv is 
extracted in real time.

5  Experimental demonstration
In the IGBT turn-off process, the generated high-fre-
quency pulse current signal is consistent with the voltage 
rise time, so the pulse signal can be used as the basis for 
the IGBT voltage rise time extraction.

Although the increase in voltage rise time can be 
caused by various types of device degradation, gate-
oxide-layer degradation in chip degradation and bond-
ing-wire degradation in packaging degradation are the 
key types in actual operation (they are more prone to 
failure).

To verify the sensitive relationship between the voltage 
rise time and degradation during the turn-off process of 

the module, the apparent junction temperature based on 
the voltage rise time can be used to evaluate the degra-
dation degree of the device, especially the degradation 
of the bonding-wire and the gate-oxide-layer. The the-
ory is verified on the Saber simulation platform and the 
IGBT health state detection experimental platform in the 
laboratory.

5.1  Simulation
The circuit used for simulation is presented in Fig.  16a, 
and consists of four IGBTs, four diodes, a 1200  V DC 
power supply, an 8 mH inductor, and a 4.4 uF capacitor. 
To examine the turn-off process, voltage and current sig-
nals are extracted by employing a double-pulse test on 
the circuit. The double-pulse test is implemented with 
VT1 in the on-state, while VT2 and VT3 are in the off-
state, and VT4 is triggered by two successive turn-on sig-
nals separated by an interval of 0.11 ms. The waveforms 
of the double-pulse test are presented in Fig.  16b, from 
which the voltage and current waveforms during the 
turn-off process are extracted.

5.1.1  Bonding‑wire degradation
In this paper, the IGBT is modeled based on the fitted 
transfer characteristics, which are input into the Saber 
software. The modeling process is shown in Fig. 17.

In the study, the bonding-wire degradation is simulated 
by increasing the parasitic resistance between the IGBT 
gate and the auxiliary emitter (Corresponding to 1, 2, and 
3 in Fig. 18). The double-pulse test is applied to the IGBT 

UBUS

VT2

VT3

VT1 VD1 VD2

VD3 VD4

CBUS

VT4

Virtual Oscilloscopethe High-Frequency 
Isolation Sensor

Application Circuit Data Processor

Fig. 15 Schematic diagram of online voltage rise time extraction Fig. 16 Test circuit and electrical curves in the Saber Sketch
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module, and the results with different bonding-wire deg-
radation degrees are shown in Fig. 18.

The results show that with the deterioration of the 
bonding-wire, the voltage rise time gradually increases. 
When the voltage rise time is input into the " original" 
model, the apparent junction temperature will exceed the 
maximum junction temperature Tjmax.

5.1.2  Gate‑oxide‑layer degradation
In the study, gate-oxide-layer degradation is simulated 
by increasing the Miller capacitance Cgc (corresponding 
to 1, 2, and 3 in Fig. 19). The double-pulse test is applied 
to the IGBT module, and the results with different gate-
oxide-layer degradation degrees are shown in Fig. 19.

The results show that with the deterioration of the gate-
oxide-layer, the voltage rise time increases significantly. 
When the voltage rise time is input into the "original" 

model, the apparent junction temperature will exceed the 
maximum junction temperature Tjmax.

5.2  Experimental
The IGBT health status detection experimental platform 
based on dual-pulse testing is built as shown in Fig. 20. 
The voltage rise time of the IGBT is obtained through the 
high-frequency current sensor, and the voltage rise time 
is input into the established apparent junction tempera-
ture model. Then, the degradation degree of the IGBT 
can be evaluated based on the apparent junction temper-
ature overrun, while the apparent junction temperature 
model can be established according to (24) and the cali-
bration experiment.

In the experimental platform, two intermittent gate 
signals are applied to the gate of the IGBT device  (VT4). 
Then the voltage and current waveforms in the turn-off 
and turn-on processes can be extracted  (VD1 remains 
on-state,  VD2 and  VD3 remain off-state.).

Fig. 17 The IGBT modeling process in Saber Sketch
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Fig. 18 Voltage rise time under different bonding-wire degradation
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Fig. 19 Voltage rise time under different gate-oxide-layer 
degradation

B. Circuit Diagram of Experimental PlatformA. IGBT Health Status Detection Experiment Platform
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Fig. 20 Experimental platform and test circuit
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5.2.1  Bonding‑wire degradation
In the experiment, the bonding-wire degradation is 
simulated by cutting the bonding-wire of the IGBT. 
The double-pulse test is performed on the IGBT mod-
ule, and the results with different bonding-wire fracture 
conditions are shown in Fig. 21.

According to (24) and the experimental results, 
based on the multivariate linear fitting algorithm, 
the apparent junction temperature model (27)–(28) 
is established, and the key parameters in the model 
are per-unitized. The model is shown in (28), where 
the reference values are: Tjb = 30  °C, Icb = 20 A, and 
trvb

−1 = 0.00330033 /ns−1. The fitting degree of the 
model is 94.3%, which is a reliable degree.

According to the experimental results and the appar-
ent junction temperature model, the apparent junc-
tion temperature variation based on voltage rise time is 
shown in Fig. 22.

The experimental results show that the voltage rise 
time increases gradually with the bonding-wire degra-
dation. When the voltage rise time corresponding to 
the bonding-wire degradation is input into the "origi-
nal " model, the apparent junction temperature will 
exceed the original maximum junction temperature 
Tjmax = 130 °C. At the same time, with the deepening of 
the bonding-wire degradation, the apparent junction 
temperature will further increase.

(27)
Tj = −0.017I2C + 3.786IC − 64893.759t−1

rv + 179.975

(28)Ṫj = −0.222İ2C + 2.524İC − 7.139ṫ−1
rv + 5.999

5.2.2  Gate‑oxide‑layer degradation
In the experiment, the gate-oxide-layer degradation is 
accelerated by continuously applying a 75 V gate-emit-
ter bias to the IGBT (with an interval of 3 h each time, 
and after 20  h of accelerated deterioration, the device 
is completely failed). The IGBT module is tested with 
double pulses at different collector currents and accel-
erated aging times, and the results are shown in Fig. 23.

From the experimental results and apparent junction 
temperature model (26)-(27), the variations of apparent 
junction temperature based on voltage rise time with 
different degradation states are shown in Fig. 24.

The experimental results show that, with the gate-
oxide-layer degradation, the voltage rise time gradu-
ally increases. When the voltage rise time is input into 
the "original" model, it can be found that the apparent 
junction temperature will exceed the maximum junc-
tion temperature Tjmax = 130  °C. At the same time, the 
apparent junction temperature deviates more and more 
from the maximum junction temperature with the 
deepening of gate-oxide-layer degradation.

Fig. 21 Voltage rise time of IGBT with different numbers 
of bonding-wire breaks (130 °C and 100 A)

Fig. 22 Apparent junction temperature based on voltage rise time

Fig. 23 Relationship between voltage rise time and gate-oxide-layer 
degradation
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To sum up, when the IGBT is degraded, the voltage 
rise time will be much longer than that of the IGBT in a 
healthy state, and all forms of degradation can be char-
acterized by the apparent junction temperature overrun.

6  Conclusion
In this paper, the failure types and mechanisms of IGBT 
modules are discussed, and combined with the tempera-
ture dependence of the key characteristic parameter (e.g., 
voltage rise time) during the turn-off process, the degra-
dation state analysis based on apparent junction tempera-
ture is proposed. For the most common chip degradation 
(gate-oxide-layer degradation) and packaging degrada-
tion (bonding-wire degradation), Saber simulation and 
IGBT health status detection experiments are carried 
out. The simulation and experimental results show that 
the method proposed is valuable, and in particular:

(1)  Universality. The relationship between the voltage 
rise time of the IGBT and various types of degra-
dation has been revealed and proved. More impor-
tantly, the apparent junction temperature based on 
the voltage rise time can be directly used to predict 
the IGBT degradation state.

(2)   Non-contact online detection. The principle of 
high-frequency pulse current caused by the volt-
age mutation at both ends of the device during the 
turn-off process is discovered, and the detection of 
voltage rise time is replaced by the detection of the 
high-frequency current pulse.

In summary, the IGBT degradation state estimation 
technique based on apparent junction temperature pro-
posed in this paper can be applied to power electronic 
devices’ health state estimation in industrial production. 
This can effectively avoid catastrophic accidents caused 
by sudden device failures.
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