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Abstract: In the exploration of new energy sources and the search for a path to sustainable
development the reliable operation of wind turbines is of great importance to the stability of
power systems. To ensure the stable and reliable operation of the Insulated Gate Bipolar Transistor
(IGBT) power module, in this work the influence of changes with aging of different electro-thermal
parameters on the junction temperature and the case temperature was studied. Firstly, power thermal
cycling tests were performed on the IGBT power module, and the I-V characteristic curve, switching
loss and transient thermal impedance are recorded every 1000 power cycles, and then the electrical
parameters (saturation voltage drop and switching loss) and the thermal parameters (junction-to-case
thermal resistance) of the IGBT are obtained under different aging states. The obtained electro-thermal
parameters are substituted into the established electro-thermal coupling model to obtain the junction
temperature and the case temperature under different aging states. The degrees of influence of
these electro-thermal parameters on the junction temperature and case temperature under different
aging states are analyzed by the single variable method. The results show that the changes of the
electro-thermal parameters under different aging states affects the junction temperature and the case
temperature as follows: (1) Compared with other parameters, the transient thermal impedance has the
greatest influence on the junction temperature, which is 60.1%. (2) Compared with other parameters,
the switching loss has the greatest influence on the case temperature, which is 79.8%. The result
provides a novel method for the junction temperature calculation model and lays a foundation
for evaluating the aging state by using the case temperature, which has important theoretical and
practical significance for the stable operation of power electronic systems.

Keywords: insulated gate bipolar transistor power module; power thermal cycling test;
electro-thermal parameters; junction temperature; case temperature

1. Introduction

At present, scientists all over the world are striving to explore new energy sources and seeking
a path to sustainable development. Constantly expanding the scope of application of new energy
is an important means to promote the sustainable development of the entire society [1]. The core
of energy efficient utilization is the efficient control and conversion of various energy forms [2].
New energy sources such as wind energy are being widely used in the field of electrical energy
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conversion, where wind turbines often work in harsh environments and are easily affected by the
performance of their subsystems. As the most important subsystem, the power conversion device
causes the wind turbine to stop working in case of failure [3]. The Insulated Gate Bipolar Transistor
(IGBT) power module is the most important device in the power electronics subsystem, whose working
ability gradually decreases with as it ages under practical working conditions [4]. Therefore, how to
accurately evaluate the aging state of the IGBT power module to ensure the stable operation of the
wind turbines is an important study topic [5,6].

In the literature, Bo et al. [7] found that the failures of IGBT power module are mainly caused
by thermal mechanical stress caused by temperature fluctuations, and the reliability of the power
module is closely related to the junction temperature. In the assessment of the aging state of
IGBT, the aging state of the power module is often evaluated by monitoring the changes of certain
parameters, which include the saturation voltage drop, junction-to-case thermal resistance, switching
time, gate signal, and junction temperature [8]. Ji et al. [9] proposed a method to reflect bonding wire
failure by monitoring the change of saturation voltage drop, which is one of the most common package
failures. However, the saturation voltage drop varies with the aging of the IGBT until the failure of
IGBT, and while this method can monitor the failure of the IGBT, it cannot fully monitor the aging state
of the IGBT power module. Oukaour et al. [10] studied the change law of IGBT saturation voltage drop
with module aging through power thermal cycling tests, but they did not consider the influence of
junction temperature and collector current variation on the saturation voltage drop, therefore, the error
between the evaluated aging state and the actual aging state was large.

In the practical application of IGBT power modules, IGBTs fail when they work for a long time,
and the fault reasons mainly include the bonding wires falling off and solder layer fatigue, and these
faults are caused by the aging of the IGBT power module [11]. The aging state of the power module is
mainly evaluated by using electrical parameters and thermal parameters [12]. For example, the IGBT
saturation voltage drop is commonly used to evaluate the case of bonding wires falling off [13].
The junction-to-case thermal resistance is often used to evaluate the state of the solder layer fatigue [14].
Whether the saturation voltage drop or the junction-to-case thermal resistance is used to evaluate the
aging state of the IGBT power module, the junction temperature will be used. The commonly used
methods of junction temperature measurement and calculation include experimental measurement [15],
iterations and numerical simulation, and simulation analysis [16]. The proposed methods neither
achieve accurate online measurements nor do they consider the influence of different degrees of aging
of the IGBT power module on junction temperature.

This study proposes a simple and convenient to use the case temperature to evaluate the aging
state of the IGBT compared to the measurement of electrical parameters. Wang et al. [17] used the Cauer
thermal network model to monitor the temperature change, but it is difficult to obtain the parameters of
the model. Astigarrag et al. [18] performed power thermal cycling tests on different types of parameter
and showed that the case temperature, the collector current and the collector-to-emitter voltage can
all be used as failure precursors for prediction and health monitoring. Hence, this study considers
the case temperature as the precursor of the fault, which does not take account of the influence of the
parameters, such as the collector-to-emitter voltage on the case temperature, so the prediction results
have a certain error.

The prior proposed methods do not fully consider all the influencing factors by using the on-state
voltage drop or monitoring the junction temperature and the case temperature to evaluate the aging
state. With the aging of the power module, the structure of the power module and the electro-thermal
parameters of the junction temperature calculation model are constantly changing, therefore, this is
necessary to study the influence of the electro-thermal parameters on the junction temperature under
different aging states. This study not only analyzes the influence of switching loss and thermal
impedance of IGBT on the junction temperature and the case temperature, but also analyzes the
influence of threshold voltage and on-resistance of IGBT on the junction temperature and the case
temperature. This study makes the simplification of the junction temperature calculation model more
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theoretically significant, at the same time; the case temperature can more intuitively reflect the changes
of the electro-thermal parameters.

This study has the following goals: (1) Using the principle of electro-thermal analogy, combing
the electrical model with the Foster thermal network model to establish an electro-thermal coupling
model to calculate the junction temperature and the case temperature of the IGBT. (2) Analyzing and
comparing the influence of different electro-thermal parameters on the junction temperature and case
temperature, which can simplify the junction temperature calculation model and provide a new idea
for further studying the relationship between case temperature and switching loss of IGBT. The rest
of this study is organized as follows: Section 2 describes the process of the electro-thermal coupling
model. Section 3 describes the test process. Section 4 analyzes the test results, the junction temperature
and the case temperature under different aging state are calculated, and the degrees of influence of
different electro-thermal parameters on the junction temperature and case temperature is calculated.
Section 5 summarizes the implications of this study with spotlights on the research significance and
popularization of this research. Finally, Section 6 discusses the conclusion.

2. Model Establishment

This study describes the process of establishing an electro-thermal coupling model.

2.1. The Electrical Model

The heat sources in a IGBT power module are mainly the IGBT chips and free-wheeling diode
(FWD) chips. However, the power loss generated by the IGBT chips accounts for more than 95% of the
total loss. Therefore, it can be roughly assumed that the total loss of power module is generated by the
IGBT chips, that is, these chips can be used as the heat source of the entire module [19].

The establishing process of an electro-thermal coupling model is illustrated in a three-phase
inverter using the Sinusoidal Pulse Width Modulation (SPWM), the three-phase inverter is shown in
Figure 1. The switching frequency is denoted by fs, the frequency of modulated wave is denoted by
f, and the load is the RL type load. The modulated wave is denoted by U,, and the duty cycle of the

1
IGBT s 3(t) — %u’

V; VD] V5 WDy Vs Dy

Modulated
Uw—  circuit

Figure 1. Three-phase inverter.

The specific type of IGBT power module used in the test is a MMG755120B6HN (MACMIC,
ChangZhou, China), which is widely used in practical engineering applications because it is not only
a key component in wind turbines, but it can also be applied to the motor drive circuit in new energy
vehicles, and the inverter circuits of photovoltaic power generation systems.
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The IGBT power loss mainly includes conduction loss and switching loss, and its calculation
Equation is expressed as follows:
P = Peon + Psw, (1)

where P is the IGBT power loss, Py is the IGBT conduction loss, and Py, is the IGBT switching loss.
The equation of P, is expressed as follows [20,21]:

Peoy = Vce(Tj) i J(t)/ (2)

where, V. is the collector-to-emitter voltage and also known as the saturation voltage drop, T;is the
junction temperature of the IGBT, i, is the collector current, J is the duty cycle.

The I-V characteristic curve is shown in Figure 2. The calculation equation of V,, can be obtained
by linear fitting the characteristic curve and the equation of V,, is as follows:

Vee = Vieeo +ic - Tee, 3)

where, V,, is the IGBT threshold voltage and 7, is the IGBT on-resistance.

A 298.15K

0 Y
Veeo_ 20815k ce

Figure 2. [-V characteristic curve of IGBT.
In Figure 2, the solid line shows the I-V characteristic of the IGBT at 298.15 K, and the dotted line

shows the corresponding fitting curve. Both V¢, and r¢, change linearly with temperature, which can
be approximated by the following equations:

Vceo - Vce07298.151< + KVm) (T] - 298'15)/ (4)

Tee = Tee_298.15K + Kr,, (Tj — 298.15), ®)

where, Vi 29815k and 7¢e 29815k are the threshold voltage and on-resistance at 298.15 K, Tj is the
junction temperature, Ky, and K, are the temperature coefficients of the corresponding parameters,
which is the slope of the linear fitting curve I-V characteristic curve at different temperatures. Therefore,
the condition loss Pc,; can be expressed as follows:

Peon = (Veeo_208.15k + Kvigo (Tj1 — 298.15)) +ic - 6(t) + (ree_aogask + Kree (Ti_1 — 298.15)) -ic” - 6(t), (6)

During a certain switching cycle, the mean turn-on loss P, and the mean turn-off loss Pyss
constitute the switching loss Ps:
Psy= Pan+Poff/ @)
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Pon = fsw - Eon - Ki - Ky, - KRg,Un ’ KTj/ 8)
Posf = fsw - Eoff - Ki- Ky, - Krg_off - K, )

where, fs is the switching frequency, E,; and Eoﬁc are turn-on loss and turn-off loss at rating condition,
which can be obtained according to the device manual. K; is the current coefficient, dec is the voltage
coefficient, K Rg_on and KRg_O £ are the influence coefficients of IGBT gate resistance Rg on E,, and Ey,
Rg =10 Q) is used, The temperature coefficient K7, can be expressed as Kr; =1 + 0.03-(T; — 398.15):

Vdc
Ky = 4¢ 10
Vdc VN’ ( )
¢
Ki=—, (11)
In

where, V. is the DC side voltage of the inverter, Vy is the rated voltage of the IGBT, Iy is the rated
current of the IGBT.
Using the equations, the electrical model is obtained, which is shown in Equation (12).

P =(Veeo_298.15k + Ky, (Tj —298.15)) - ic - 6(¢)
+(ree_298.15K + Kr,o (Tj_ — 298.15)) - i - 5(t)

Vi i

+fsw  Eon - v;l; i Kgy - (140.03 - (T; —398.15)) (12)
Vi i

+fow - Eoff - V—NC : i Ky, - (140.03 - (T; — 398.15))

2.2. The Foster Thermal Model

The distance between the MMG755120B6HN module IGBT chip and the FWD chip is 6.4 mm,
so the thermal coupling between the chips can be ignored [22]. The heat generated by the FWD
chip has little effect on the rise of the case temperature, and the heat production of the FWD chip is
basically unchanged under different aging states [23]. In order to simplify the analysis of the effect
of electro-thermal parameters on the junction temperature and case temperature, this study only
considers the effect of heat generated by IGBT chip, which has no influence on the accuracy of the
result. This study uses a fourth-order Foster thermal network model to simulate the heat dissipation
process of the power module to meet the requirements of accuracy and speed. The package structure
diagram of the power module and the thermal network model are shown in Figure 3.
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Figure 3. IGBT power module packaging structure diagram and its fourth-order Foster thermal
network model. (a) The packaging structure diagram of IGBT; (b) The fourth-order Foster thermal
network model of IGBT.

Figure 3 shows Zy, j. and Zy, o, represented the equivalent impedance from the IGBT chip to
the case and the equivalent impedance from the case to the environment. T. represents the case
temperature of the module, and T, represents the ambient temperature. The equivalent thermal
impedance can be obtained by fitting the transient thermal resistance with Equation (13):

n
Zth = ZRi.(lfeit/(Rr'Q)) (13)
i=1

where Zy, is the equivalent thermal impedance, 7 is the thermal network order, generally the order
is 4, R; and C; are the equivalent thermal resistance and the equivalent thermal capacity. In practical
engineering applications, the transient thermal impedance is obtained using the YB-6911 thermal
resistance test system of Xi’an Yibang Electronic Technology Co., Ltd (Xi’an, China).

3. Test Process

3.1. Acquisition of Electro-Thermal Parameters Under Different Aging States

The IGBT power module consists of materials of multiple layers with different thermal expansion
coefficients. The power module often works in a high-frequency switching state, it gradually ages
with the time, and the fatigue of solder layer and the falling off of bonding wire occur. Therefore,
the electro-thermal parameters change with the aging of the IGBT. In order to further improve the
accuracy of the electro-thermal coupling model, power thermal cycling tests of the IGBT are performed
to simulate the electro-thermal parameters under different aging states. The degrees of influence of
the electro-thermal parameters on the junction temperature and the case temperature are analyzed
by putting the electro-thermal parameters of different aging states into the electro-thermal coupling
model. The power module model for the power thermal cycling test is MMG755120B6HN [24,25].
During the test, the gate-to-emitter voltage was maintained at Vge = 15V, and a constant current of
75 A was applied to the power module using a programmable DC power supply. The IGBT power
module was heated to 398.15 K when it is in the on state, and then it was cooled to 298.15 K (ambient
temperature T,) when it is in the off state. The temperature range is 298.15-398.15 K.
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During the test process, the IGBT I-V characteristic, switching loss and transient thermal
impedance were measured once per 1000 cycles at ambient temperature (298.15 K). According to
the I-V characteristic curve, the threshold voltage V¢¢, and on-resistance r, of the IGBT can be obtained
under different aging states. The failure standard (the junction-to-case thermal resistance is 20% larger
than that of the new device) [26], all IGBT power module failed after 6000 cycles of the test, the test
results of the IGBT power cycling are recorded every 1000 times, and the results obtained are shown in
the following Figures 4 and 5 and Tables 1-4.

150

1201

90r

Ic(A)

60r

2
Vce(V)

Figure 4. The I-V characteristic curve of IGBT under different aging states.

Table 1. The saturation voltage drop V. of IGBT under different aging states.

Cycle Times 0 1000 2000 3000 4000 5000 6000
Vee (V) 249937 250450 250852 2.51799 2.53008 2.56048 2.60122

Table 2. The turn-on loss Eoy and turn-off loss Eqy of IGBT under different aging states.

Cycle Times 0 1000 2000 3000 4000 5000 6000

Eon (m]) 109364 10.9992 11.1194 11.2975 11.5338 11.8563 12.3236
Eof (m]) 455070 4.58460 4.58930 4.71010 4.91780 5.12550 5.39120

0.4 \
S —
,'/,~ z
03~ /. ]
= / —0
é —1000
Z0.2r | 2000 | -
< / 3000
N —4000
0.1 5000 | -|
—6000
O L L L L
0 0.2 0.4 0.6 0.8 1

Rectanghler pulse du.ration(s)

Figure 5. Transient thermal impedance of IGBT at different cycle times.

Figure 5 indicated the junction-to-case thermal resistances under different aging states are shown
in Table 3.

Table 3. The junction-to-case thermal resistance Ry, . of IGBT under different aging states.

Cycle Times 0 1000 2000 3000 4000 5000 6000
Ry je (K/W)  0.31954  0.32400 0.32970 0.33912 0.35168 0.37052  0.39250
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Using Equation (13), Zy, ;. increases with time t. As the operating time of the IGBT increases,
mechanical hardening occurs inside the module, and the increase of the thermal stress causes cracks
in the solder layer. As the IGBT ages further, the cracks continue to grow, resulting in chip bonding
failure, and the phenomenon of bad contact between the different physical layers of the IGBT makes the
junction-to-case thermal resistance increase with the aging of the IGBT, which leads to the continuous
increase of Zy, jc.

The saturation voltage drop of the IGBT is mainly determined by the threshold voltage and the
on-resistance. According to the I-V characteristic curve, the threshold voltage and the on-resistance
under different aging states are shown in Table 4.

Table 4. The Ve and r¢. under different aging states.

Cycle Times 0 1000 2000 3000 4000 5000 6000
Vieo (V) 095410 0.95520 0.95720 0.96120 0.96630 0.97570 0.99180
Tee (CU) 0.01565 0.01569 0.01572 0.01576 0.01586 0.01605 0.01628

Figures 4 and 5 and Tables 14 indicate that saturation voltage drop, switching loss and thermal
resistance gradually increase, and the rate of increase increases with the further aging of the IGBT.
When the power cycle reaches 6000 times, saturation voltage drop, switching loss, and thermal
resistance are increased by 4.1%, 12.7%, 18.5%, and 22.8%, respectively, compared to the new device.
The change of the electro-thermal parameters affect the junction temperature and the case temperature;
therefore, it is necessary to study the influence of the electro-thermal parameters under different aging
states on the junction temperature and the case temperature.

3.2. Acquisition of IGBT Power Loss, Junction Temperature and Case Temperature Under Different
Aging States

The electro-thermal coupling model is built, and the simulation parameters are shown in Table 5,
where, M is the modulation ratio, t is the simulation time.

Table 5. Simulation parameters.

Parameter Value

Uy (V) 600

I, (A) 40

f (Hz) 50
few (Hz) 8000

R(Q) 1.8
L (H) 0.012
T, (K) 298.15

M 08

T (s) 50

In the electro-thermal coupling model, the aged electrical parameters and thermal parameter are
substituted into the model to obtain the power loss, junction temperature and case temperature under
different cycle times. The results are shown in Figures 6-8.
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Figure 6. The IGBT power loss under different cycle times.
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Figure 7. (a) The transient junction temperature, (b) The steady state junction temperature under
different cycle times.
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Figure 8. (a) The transient case temperature under different cycle times, (b) The steady state case
temperature under different cycle times.

Figures 6-8 presented the power loss, junction temperature, and case temperature of IGBT increase
with the number of power thermal cycling tests as well as the gradual amplitude increase. Compared
to the case temperature, the junction temperature of IGBT reaches a steady state early. When the power
thermal cycling test reaches 6000 times, the junction temperature of steady state is 2.83 K higher than
junction temperature of the new device, while the case temperature of steady state is 0.16 K higher
than the case temperature of the new device.

In an actual industrial environment, the range of case temperature changes is small, which requires
a high-precision temperature sensor to monitor the change of the case temperature and requires the
temperature sensor to work stably. For example, a PICO temperature sensor, which has an error of less
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than 0.01 °C, can be used to monitor the changes of case temperature. It is mounted on the bottom
of the IGBT module and then we can use the PicoLog data logging software to record, analyze and
display the changes of case temperature.

4. Results Analysis

The single parameter method is used to study the influence of electro-thermal parameters on
junction temperature and case temperature. Namely, by changing the above parameters of the IGBT at
different power cycle times, the junction temperature and case temperature are calculated. The results
obtained are shown in Figures 9 and 10.

311 ‘*0*1000 2000 —3000—4000 5000 —6000

310f \ : 7

309f

Ti(K)

NfPossaodsiz  a99a4 499546 499508 49.955

307

S

328.94 49.945 49.95 49.955 49.96 49.965 49.97 49.975

Time(s)
()
311 |—0—1000 2000 3000 —4000 5000 — 6000
310- i
309" :
<
=
308
307}
39894 20945 49.95 49955 49.965 49.065 49.97 49.975
Time(s)
(b)
311 |—0—1000 2000 30004000 5000 — 6000
310+ :
309
<
=

308

307

L L L L
328,94 49.945 4995 49.955 49.96 49.965 49.97 49.975
Time(s)

(©)

Figure 9. The steady state junction temperature with the change of electro-thermal parameters.
(a) The steady state junction temperature with the change of V., and r¢,; (b) The steady state junction
temperature with the change of E,; and Eoﬁ:; (c) The steady state junction temperature with the change
of Z th, jC .
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Figure 10. The steady state case temperature with the change of electro-thermal parameters.
(a) The steady state case temperature with the change of V¢, and r¢; (b) The steady state case temperature
with the change of E,; and E,¢; (c) The steady state case temperature with the change of Zy, jc.

Comparing the subfigures (a), (b) and (c) in Figure 9, the threshold voltage and on-resistance
have the least effect on the junction temperature, the switching loss has a larger effect on the junction
temperature, and the thermal impedance has the largest effect on the junction temperature. Comparing
subfigures (a), (b) and (c) in Figure 10, the thermal impedance has the least effect on case temperature,
and the threshold voltage and on-resistance have small effect on case temperature, and the switching
loss has the greatest effect on case temperature. The thermal impedance can directly reflect the fatigue
degree of the solder layer, which has the greatest effect on the junction temperature and has the least
effect on the case temperature.
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The mean value of temperature fluctuation is taken as the reference value for analyzing the
influence degree of electro-thermal parameters on the junction temperature and case temperature.
The mean value of the junction temperature and case temperature under different aging states are
expressed as Tjyo, Tjm1, - - - » Tjme and Tepmo, Tem1, - - -, Teme- The subscript numbers indicate the numbers
of thousand cycles, all of them are shown in Tables 6 and 7. The influence degrees are defined to express
more intuitively the influence degree of the electro-thermal parameters on the junction temperature
and case temperature:

6
D ijin
i=1
— 6 Lmo
Cive = — , (14)
Y Timi
i=1
6 Limo

where, Cjy, is the influence degree on the junction temperature with the change of of Vi, and re,,
Timivy is the value of the junction temperature with the change of V¢, and 7 at different aging states:

6
Z Tcmin
HT — Temo
Cch = 6 ’ (15)
Z Tcmi
i=1 _T
6 cmo

where, C.y; is the influence degree on the case temperature with the change of Ve and ree, Tepivy is the
value of the case temperature with the change of V, and r at different aging states.

The influence degree of changing E,, and Eyy on junction temperature and case temperature,
and the influence degree of changing Zy, i on junction temperature and case temperature is obtained.

Table 6. The degree of influence of electro-thermal parameters on junction temperature.

The Change of Electro- The Change of The Change of E,,

Thermal Parameters Veeo and 7, and E,,ff The Change of Zth’jc
Tjmo (K) 306.900 306.900 306.900 306.900
Tim (K) 307.050 306.900 306.910 307.030
Tima2 (K) 307.250 306.910 306.950 307.150
Tim3 (K) 307.600 306.930 307.050 307.330
Tima (K) 308.050 306.950 307.200 307.600
Tims (K) 308.750 307.000 307.400 308.000
Time (K) 309.700 307.030 307.700 308.500
Influence degree C 1 4.600% 25.900% 60.100%

Table 7. The degree of influence of electro-thermal parameters on case temperature.

The Change of Electro- The Change of The Change of E,,

Thermal Parameters Veeo and 7¢e and Eop The Change of Zthje
Temo (K) 299.626 299.626 299.626 299.626
Tem1 (K) 299.637 299.627 299.633 299.628
Temn (K) 299.645 299.628 299.641 299.628
Tems (K) 299.672 299.631 299.661 299.629
Tema (K) 299.694 299.634 299.682 299.630
Tems (K) 299.738 299.639 299.714 299.632
Teme (K) 299.781 299.644 299.753 299.634

Influence degree C 1 11.400% 79.800% 6.100%
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Tables 6 and 7 show that different electro-thermal parameters have different degrees of influence
on the junction temperature and case temperature of the IGBT power module. Taking the degree of
influence on the junction temperature with the change of electro-thermal parameters as a reference,
changing the thermal impedance the thermal impedance Zy, ;. alone has the greatest influence on
the junction temperature, and the degree of influence is C = 60.1%. Taking the degree of influence
on the case temperature with the change of electro-thermal parameters as a reference, changing the
switching losses E,; and E,y have the greatest influence on the case temperature, and the influence
degree is C = 79.8%. It can be considered that the main causes of the change in junction temperature is
the parameter change of thermal impedance Zy, ;.. This study considered that the main reason of the
change in case temperature is the change of switching losses Eo; and Ey-.

5. Implications

Traditional assessment models were used to evaluate the aging state of the power model in
previous studies, which were evaluated using electrical or thermal parameters. Compared with
previous studies, this study has two major contributions: (1) In this study is difficult to evaluate the
whole aging state of the IGBT module by using the saturation voltage drop or the junction-to-case
thermal resistance alone, and the above parameters are related to the junction temperature T, but the
measurement of the junction temperature is difficult. This study analyzes the influence of the
electro-thermal parameters on the junction temperature under different aging states, and provides data
support for simplifying the junction temperature calculation model. This result improves the existing
junction temperature calculation model and improves its prediction accuracy. (2) The influence of
electro-thermal parameters on case temperature is analyzed. This lays a theoretical foundation for
evaluating the aging states by using the case temperature and finding the relationship between case
temperature and electro-thermal parameters. The case temperature can reflect the aging state of the
IGBT, and the results provide a new way to establish the relationship between junction temperature
and case temperature.

The failure of power modules is the main cause of power converter failure in wind turbines.
The model established can simultaneously study the junction temperature and case temperature of
the power modules, and the influence degree of different electro-thermal parameters on junction
temperature and case temperature can be obtained. The junction temperature calculation and the
aging states assessment are always solved to use the established model and analysis method in this
study. The results are helpful to quickly find the cause of IGBT failure, which is beneficial to the
reliable operation, and has a positive effect on the stability of power system and the effective use of
new energy sources. The analysis method can be applied in other fields too. For example, in the field
of fault diagnosis of power transformers, the influence of different parameters on power transformer
faults can be analyzed according to the single parameter method, which is helpful to quickly find
the cause of the power transformer failure. In the life prediction of relays, analyzing the influence
of different parameters on the life of the relay is beneficial to remove redundant parameters and
improve the accuracy of life predictions. Therefore, the results are of great significance for equipment
transformation and industrial upgrading.

6. Conclusions

The safe and reliable operation of IGBT modules is conducive to the effective use of new energy
sources like wind energy, which is of great significance for the sustainable development of society.
This study analyzes the influence degree of electro-thermal parameters on the junction temperature
and case temperature under different aging states based on electro-thermal coupling model. The main
contributions are as follows:

(1)  Third item Power thermal cycling tests are carried out on a IGBT power module, and the obtained
electro-thermal parameters of different aging states are brought into the electro-thermal coupling
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model to more accurately obtain the junction temperature and the case temperature under
different aging states, which provides a method for simplification of the junction temperature
calculation model and assessment of the aging state using the case temperature.

(2) The same parameter has different influences on the junction temperature and case temperature.
Among the electro-thermal parameters, the influence degree of threshold voltage and
on-resistance on the junction temperature is 4.6%, and that on the case temperature is 11.4%.
The influence degree of switching loss on junction temperature is 25.9%, and that on case
temperature is 79.8%. The influence degree of thermal impedance on the junction temperature
is 60.1%, and that on the case temperature is 6.1%. This confirms that the influence of a certain
parameter on junction temperature and case temperature is different, and the difference in degree
of influence is large.

(3) The thermal impedance has the greatest influence on the junction temperature, and the switching
loss has the greatest effect on the case temperature. The sum of linear superposition of the
influence degrees of changing each single electro-thermal parameter on the junction temperature
and the case temperature is not equal to the influence degree of changing all parameters on the
junction temperature and the shell temperature.

(4) The established IGBT model can combine the aging state, junction temperature and case
temperature to provide technical support for further studying the relationship between junction
temperature and case temperature under different aging states. The case temperature is easy to
measure, which provides a convenient way to establish a mathematical calculation model that
use case temperature to predict junction temperatures.
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