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9 Abstract: This paper proposes a novel method for optimizing the Cauer-type thermal network

10 model considering both the temperature influence on the extraction of parameters and the errors
11 caused by the physical structure. In terms of prediction of the transient junction temperature and
12 the steady-state junction temperature, the parameters of conventional Cauer-type are modified, and
13 the general method for estimating junction temperature is studied by using the adaptive thermal
14 network model. The results show that junction temperature estimated by adaptive Cauer-type
15 thermal network model is more accurate than that of the conventional model.

16 Keywords: Insulated gate bipolar transistor (IGBT); thermal network; parameter identification;
17 junction temperature

18

19 1. Introduction

20 As a key component in the modern power-electronic system, insulated gate bipolar transistors
21  (IGBTs) are widely used in high-reliability systems [1] and play a significant role in wind turbines [2-
22 3], aircraft [3-4], electric vehicle [5-7], etc. The reason for the widespread application of IGBTs lies in
23 IGBTS excellent performance in the aspects of switching frequency, energy efficiency, power density
24 and cost effectiveness [8]. Simultaneously, higher quality is required with more formidable working
25  conditions and stricter operating conditions. Almost 60% of power equipment failure resulted higher
26 junction temperature caused by heat and increase of the thermal resistance or extra power loss,
27  according to relevant data [9-10]. The reliability research of semiconductors depends on accurate
28  measurement of the junction temperature. Consequently, the junction temperature of the IGBT is
29  considered as one of important indices for its health and reliability.

30 The accurate junction temperature is the important foundation of virtual simulation, precise
31  design and practice. The main prediction methods of junction temperature involve infrared camera
32 detection, thermal-sensitive electrical parameters (TSEPs) and electrothermal network models. The
33 most obvious advantage of infrared camera detection lies in the capturing of the temperature field;
34 however, the IGBT's package must be removed during the measuring [11]. Regarding the TSEPs, on-
35 state voltage (Vceon) [12], gate threshold voltage (V) [13], turn-on time (ton) [14], turn-off time (totr)
36  [15] and other electrical parameters will contribute to the prediction of the junction temperature.
37  However, circuitry design would be more complicated with the higher precision required, making
38  this method quite expensive [16]. The last method, the use of the electrothermal network model, can
39  provide accurate transient junction temperature and steady-state junction temperature information,
40  thereby enabling on-line monitoring of the junction temperature without a complicated measuring
41  circuit. Hence, the electrothermal network model is extensively used and shows prospects for further
42 development [17].

43 The current studies of the resistance-capacitance (RC) thermal network are divided into the use
44 of the Foster-type and Cauer-type models; the Foster-type model is based on the measurement of the
45  temperature dynamics of power devices [18], and the Cauer-type model is based on the physical
46  structure of the device and is considered to be a relatively accurate model of the thermal behaviours
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of IGBTs [19-20]. In [21], a Foster-type model was introduced for the IGBTs used in a three-phase
inverter. To solve the thermal coupling effects among the chips, the three-dimensional RC-lumped
thermal networks were proposed [22-23]. As such, a dynamic electrothermal model extended to a
paralleled system was proposed to establish a transient model to characterize the relationship
between power losses and junction temperature [24]. One problem with the Foster-type thermal
network is that its parameters are based on mathematical fitting of the measured/simulated junction
temperature curves, and each of the RC-lumped elements in the Foster-type network has no physical
meaning. Therefore, the Cauer-type model was proposed to obtain the temperature distribution of
each layer. In [25], a Cauer-type model to monitor an IGBT’s health condition was presented. The
thermal model consisting of a three-dimension network of RC cells constructed for time-dependent
operation was proposed [26]. Malberti [27] introduced the Elmore delay equation to model the
propagation delay times of the heat flux in the layers of IGBT. However, some problems were ignored
in these studies: a) based on the extraction of parameters at constant temperature, without
considering the temperature dependence of the thermal conductivity and the specific heat capacity,
the deviation of Cauer-type model will be amplified at certain temperatures; b) the transient thermal
behaviour of the IGBT is oversimplified by treating each layer as a block with uniform temperature
distribution, resulting in poor prediction performance of the model.

On the basis of the previous analysis, this paper proposes the optimization of the adaptive
temperature Cauer-type network model. The optimization lies in

a) Obvious improvement of the accuracy of the prediction of the steady-state junction
temperature, considering the influence of temperature.

b) Efficient improvement of the prediction performance of the transient junction temperature by
redefining the hierarchical Cauer-type architecture for the internal structure of the module.

The updated network not only strongly improves the accuracy of the estimated transient
junction temperature variation for IGBTs but also highly contributes to optimizing the prediction
performance of the steady-state junction temperature.

This paper is organized as follows. Section 2 presents an analysis of the deviation of the model
based on the materials properties and physical structures successively to perform optimization
accordingly. Section 3 verifies the efficiency of the model via simulation experiment. Section 4 shows
the validation of the simulation results in practice.

2. Methods

The basic structure of IGBT and its conventional lumped Cauer-type thermal network model are
shown in Figure 1. Figure 1 (a) shows the seven-level sandwich structure of the IGBT module from
chip to baseplate. Figure 1 (b) shows a circuit used to establish a complete seven-order IGBT heat
transfer network structure on the basis of the theory of electrothermal analogy. For each layer, the
thermal resistance R and thermal capacitance Cu are calculated using the equations below:
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89 Figure 1. (a) Sandwich structure of IGBT; (b) Cauer-type thermal model.
90 Where di is the thickness of the in layer, ki is the thermal conductivity of the im layer, ci is the

91  specific heat capacity of the in layer, oi is the density of the im layer material, and A(z) is the effective

92 cross-sectional area of the im layer. Based on the conventional lumped Cauer-type model, the

93  improved method proposed in this paper is conducted using the following two steps:

94 e  Establish the Cauer-type thermal network of the non-constant thermal conductivity and the

95 specific heat capacity

96 The conventional lumped Cauer-type model does not take into account the effect of operating

97  environment temperature on the internal material properties. The thermal resistance of the IGBT

98  power module is determined by the thermal conductivity, and the thermal conductivity is a variable

99  related to the temperature. Similarly, the thermal capacitance is determined by the specific heat
100 capacity, which is also a temperature-dependent variable. In the process of establishing the model,
101 the effect of temperature on its parameters will be considered to improve the accuracy of the
102 prediction of the junction temperature. According to the literature [28-29], the relationship between
103 thermal conductivity and specific heat capacity of different materials and temperature can be
104  obtained. After fitting the data with the least square method, the approximate expressions of thermal
105  conductivity and heat capacity of materials are obtained, as shown in figure [2-3] below.
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109 Figure 2. The relationship between thermal conductivity and temperature of different materials.
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111 Figure 3. The relationship between specific heat capacity and temperature of different materials.
112 After considering the nonlinear temperature behaviour of a material, equations (1) and (2) are
113 improved to be:
a1
114 Ren = J, G dz 5)
d

115 Cen = Jy c(T) p-A(2)dz (6)
116 According to equations (5) and (6), the heat transfer network with non-constant thermal

117  conductivity and specific heat capacity is established; the accuracy of the model has been significantly
118  improved. To further improve the accuracy of the model, this paper will optimize the physical
119  structure of the Cauer-type model.

120 e  Optimization of the Cauer-type model based on the physical structure

121 Although the seven-layer Cauer-type model established by the seven-layer physical structure of
122 the IGBT power module has a high computational efficiency, the higher thermal resistance and higher
123 thermal capacitance of the ceramic layer and the baseplate layer in the thermal network model lead
124 to a longer time constant, which, in turn, results in the decrease in the model prediction of the overall
125  junction temperature performance; as a result, it does not accurately capture the dynamic junction
126  temperature changes of the IGBT module during the power cycle. Based on the seven-layer Cauer-
127 type thermal network structure of the IGBT module, this paper analyses the operating characteristics
128  of a single-layer RC network and compares the interaction between the layers of different time scales
129 to establish the accurate prediction of the IGBT transient junction temperature using the heat transfer
130 model. The single-level Cauer-type model is shown in figure 4 below:

R(T)

Pdie(t) Tc

(D ——C(T) @

131
132 Figure 4. Single-layer Cauer-type thermal network.
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133 By using the electrothermal analogy method, the complete response of the first order equation
134 of the single-layer Cauer-type thermal network is as follows:
t
135 Tie=T—T,= (T —T.) (1 —e77) )
136 T = R(T)C(T) 8)
137 Tjs is the steady-state junction temperature, T is the temperature difference between the chip

138  and the case, Tj is the junction temperature, T¢ is the case temperature, and Tt is the time constant.
139 According to equation (7), the time required for junction temperature to reach steady state is given

140  by:
141 t= —rln(1—ﬂ) )
js—Tc
142 When Tj=0.98Tjs, the system is defined as the steady state; thus,
143 t = —1In0.02 (10)
144 This paper takes the SKM75GB12T4 module of SEMIKRON Company as the research object. The
145 specific dimensions of the module and the material properties are shown in Table 1
146 Table 1. Parameters of the IGBT module (SKM75GM12T4).
Thick Densi
Material layer (lrilr;l)e 58 (15;237 Length (mm) Width (mm)
Silicon 0.15 2329 7.24 6.9
Solder 0.12 7300 7.24 6.9
Copper 0.3 8960 28.5 25.8
Alumina 0.38 3780 30.65 28
Copper 0.3 8960 28.5 25.8
Solder 0.12 7300 28.5 25.8
Copper 2.8 8960 91.4 31.4
147 Based on equations (5) and (6), the values and distribution of the time constant of each layer
148  under ambient temperature (25°C) are shown in Figure 5:
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150 Figure 5. Time constant of each layer.
151 In the heat transfer model, the RC is a constant for the transition time of the network and is the

152 physical parameter reflecting the time required to transfer the heat over the layer. The larger the time
153 constant is, the longer the time it takes to transfer the heat over the layer. Equation (9) is used to solve
154 the values and distribution of the time constant for each layer to obtain the steady-state under
155  ambient temperature (25°C), as shown in Figure 6
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157 Figure 6. Time to reach steady-state of each layer.
158 According to the analysis of the data available in the figures, the times of the ceramic layer and

159  the baseplate are much longer than those of the other layers. The much longer heat transfer time is in
160  these two layers than in the other layers reduces the predictive performance of the transient junction
161  temperature in the inner layer structures of thermal model network, thereby degrading the overall
162 performance of capturing the transient junction temperature of the IGBT power module. To improve
163 the performance of the lumped Cauer-type thermal network model, the prediction accuracy can be
164  improved by the fine stratification of the ceramic layer and the baseplate layer. Equation (8) shows
165  that, with the increase of the number of layers, the thermal resistance and thermal capacitance
166  decrease with a trend of positive ratio function, and the time constant of new sublayer decreases with
167  atrend of quadratic. According to equation (10), the ceramic layer and the baseplate layer are divided
168  into several smaller sublayers that can reach the steady-state in a shorter period, and the time of each
169  layer after the re-division is in the same level, ensuring the smaller time span to required achieve the
170  optimization of the thermal network model performance. The data in figure [5-6] can be calculated
171 by equations (5), (6) and (10). The ceramic layer can be divided into 3 sublayers and the copper
172 baseplate can be divided into 4 sublayers to ensure the time of all layers can be kept at the same level.
173 In addition, the transient temperature difference in milliseconds is determined by the thermal
174 behaviour of chips. To better express the transient characteristics, chips are divided into 3 layers to
175  improve the transient performance of the Cauer-type models.

176 Redefining the stratification of the Cauer-type model of IGBT can effectively improve the
177  performance of capturing the dynamic junction temperature changes. The proposed multi-layered
178 thermal network model is compared with the conventional model, and the results are shown below
179  inFigure 7.

Te Tj

A\ 4

180

181 Figure 7. Comparison of two models.
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Analysis of Figure 7 shows that the method of subdividing the layer structure not only
effectively improves the performance of the model in capturing the transient junction temperature
but also largely reduces the error caused by ignoring the slope of the temperature distribution of the
layers, that is the triangular area, thus achieving more accurate calculation of the heat inside each
layer, thereby ensuring the accuracy of extracting thermal capacitance parameters of the model to
accurately predict the transient junction temperature. Therefore, the improved Cauer-type thermal
network model has been effectively improved in the prediction performance of transient junction
temperature.

From the above, the Cauer-type thermal network model established on the basis of the proposed
method, the performance of conventional Cauer-type model is optimized both in predicting the
transient junction temperature and the steady-state junction temperature accuracy of the IGBT power
module; remarkable results have been achieved.

3. Simulation validation

A commercial IGBT module SKM75GB12T4 made by SEMIKRON company is studied to verify
the effectiveness of the proposed method. According to the geometric information provided in Table
1 and the material properties of each layer, the finite element analysis (FEA) model of the IGBT
module in PRO/ENGINEEI_Q software 13 established, as shown in Figure 8.

(b)
Figure 8. (a) IGBT module; (b) FEA model with a cold plate.

In the FEA model, the heat sink is simplified as an aluminium block, the bottom surface of the
heat sink is set as a heat dissipative surface and the temperature of the bottom is set as a constant.
The power loss is generated inside the chip near the surface; thus, the power loss is simulated on the
chip surface, and the power loss set is shown in Figure 9. The temperature distribution of the IGBT
module is obtained as shown in Figure 10. Therefore, the temperature information of different layers
of the IGBT power module can be accurately mastered by the finite element model.

d0i:10.20944/preprints201801.0208.v1
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216 Figure 10. Temperature distribution in IGBT: (a) vertical view; (b) cross-sectional view.

217 On this basis, the conventional Cauer-type thermal network model and the improved thermal

218  network model are simulated, and the power loss, case temperature and ambient temperature as
219  input parameters are input to obtain the temperature curve of each module of IGBT power module.
220  The forecast results of junction temperature are compared with the results in the finite element
221  analysis model. The comparison results are shown in Figure 11.
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226 Figure 11. Junction temperature Tjas a function of time for the SKM75GB12T4 module during the
227 variable heat flow test estimated from two thermal models: (a) the ambient temperature is 50°C; (b)
228 the ambient temperature is 100°C.
229 Table 2. Comparison of two models.
Peak-to-valle Average rate
Model . y 5 .
value(C) of change(C/s)
FEM 4.99; 5.38 9.98; 10.76
Improved 4.35; 4.96 8.7,9.92
Convention 3.68;3.71 7.36;7.42
230 The details of the simulation of Figure 11 are presented in Table 2. In a period of junction

231  temperature fluctuation, the peak-to-valley value in the FEM model is 4.99°C and 5.38°C for 50 °C
232 and 100 °C, respectively. The peak-to-valley value of the improved Cauer-type model is 4.35C and
233 4.96°C for 50 °C and 100 °C respectively. However, the peak-to-valley value of the conventional
234 Cauer-type model is 3.68°C and 3.71°C for 50 °C and 100 °C, respectively. Therefore, the average
235  change rate of junction temperature of the improved Cauer-type model is closer to the change rate of
236  thejunction temperature in the FEM model, showing that the modified Cauer-type model effectively
237  improves the predictive performance of transient temperature. Overall, the junction temperature
238  value of the Cauer-type thermal network model is always greater than that of the conventional Cauer-
239  type model and is closer to the predicting junction temperature in the FEM. Moreover, in the different
240  ambient temperatures, the deviation prediction of the junction temperature from the improved
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241  Cauer-type model proposed in this paper is always kept in a small range, in good agreement with
242 the results from the FEM model, indicating that the improved Cauer-type model has excellent
243 prediction performance of steady-state junction temperature. With the continuous change of the
244 working state of the IGBT power module, the junction temperature is increasing. The higher junction
245  temperature will lead to the decrease of material thermal conductivity, leading to the increase of
246  thermal resistance inside the package. Similarly, with the increase of junction temperature caused by
247 the influence of specific heat capacity, the thermal capacitance in the package also increases. Thus,
248  the increase of thermal resistance and thermal capacitance is the main reason for the difference
249  between both of them in the predicted steady-state junction temperature. Moreover, with the increase
250 of thermal capacitance and thermal resistance, the model cannot accurately simulate the law of the
251  junction temperature, mainly including switching process, rise and fall time and so on. On the basis
252 of guaranteeing the precision of prediction of steady-state junction temperature, the reasonable
253 layering allows the improved Cauer-type model to realize the accurate simulation of the operating
254  law of the junction temperature.

255 In summary, the improved Cauer-type thermal network model proposed in this paper modifies
256  the conventional Cauer-type model from two aspects, namely, prediction of the transient junction
257  temperature and prediction of the steady-state junction temperature, and the two aspects of
258  optimization achieved notable results. The establishment of the temperature adaptive Cauer-type
259  thermal network model is completed.

260 4. Experimental validation

261  4.1. Experiment setup

262 The improved method is further verified by experimental studies in accordance with Figure 12.
263  Figure 12 shows the experimental setup, which consists of a high-DC power for supplying test
264  current, a gate driver for generating gate signal for the test IGBT module, a recorder for electrical
265  signal acquisition (such as Ve and L), an infrared camera for real-time collection of the junction
266  temperature, a and National Instruments (NI) data acquisition instrument with a LabVIEW system

267  for acquiring the Tc, which is measured by using precise fine-wire thermocouple.
.l I 1 Ty

|
Recorder I )
| - ‘m ’

ir-r%- =
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268 M —— .
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272 Figure 12. Experimental setup: (a) schematic; (b) actual setup.
273 4.2 Variable current test
274 On this basis, the thermal network models are examined; the upper surface temperature

275  distribution for the IGBT module obtained using the infrared imager is shown in Figure 13. To allow
276  the infrared camera accurately capture the junction temperature, the silicon gels from the surface of
277  the IGBT module should be removed deliberately and the camera should be aimed at the centre of
278  the chip.

-305

279 >
280 Figure 13. The temperature distribution of IGBT taken by the infrared imager.
281 In addition, the gate drive voltage is set as Vc=15 V to set the IGBT in a constant conduction

282  state. The current set is shown in Figure 14. The power loss of the IGBT, which will be integrated by
283  Veand I is regarded as the input power unit of thermal network. Obtaining the real-time Tc by the
284  thermocouple will be taken as the baseplate temperature unit input of thermal network.
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287 Compared with experimental results, the results of the conventional Cauer-type model and the
288  improved Cauer-type model are obtained, as shown in Figure 15.
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293 Figure 15. Comparison of the junction temperature estimated by two models: (a)Tj(t); (b) errors with
294 respect to the IR camera.
295 The details of Figure 15 are given in Table 3. As the current changes, the junction temperature of

296  the IGBT is constantly changing. Compared with the conventional Cauer-type model, the deviation
297  of the prediction of the junction temperature from that of the improved Cauer-type model proposed
298 in this paper is always kept in a small range. Figure 15(b) compares the values of the junction
299  temperature estimation errors of the conventional Cauer-type model and those of the improved
300  Cauer-type model with respect to the results obtained by the IR camera. As demonstrated in Figure
301  15(b), the maximum deviation between the actual temperature and the junction temperature
302  predicted by the improved Cauer-type thermal network is 2.34°C, whereas the maximum deviation
303  of the conventional Cauer-type model is 5.88°C, which is approximately 2.5 times that of the
304  improved Cauer-type model. After optimization, the error fluctuation AError.is 2.3°C and 4.25°C for
305  the Cauer-type model and the conventional model, respectively, indicating that the improved Cauer-
306  type model performs better in transient junction temperature prediction. Moreover, the average
307  deviation of the improved Cauer-type model is only 33% of the conventional model, indicating that
308  the prediction performance of steady-state junction temperature is effectively improved.

309 Table 3. Comparison of the two models with respect to the IR camera.
Model M.axi'mur? Errf)r ., Average
deviation(’C)  fluctuation('C) deviation(C)
Improved 2.34 2.30 1.03
Convention 5.88 4.25 3.13
310 From the above, the improved Cauer-type thermal network proposed in this paper effectively

311  corrects the conventional Cauer-type thermal network from two aspects, namely, prediction of the
312 transient junction temperature and prediction of the steady-state junction temperature, making the
313  improved Cauer-type model predicted junction temperature curve close to the experimental data.
314  Moreover, the improved Cauer-type model also has excellent prediction performance in variable
315  current conditions. As the result, the law of junction temperature can be captured accurately. The
316  establishment of temperature-adaptive Cauer-type thermal network model is completed.

317 5. Conclusions

318 In this paper, a method to improve the conventional Cauer-type thermal network model of an
319  IGBT by considering both the temperature influence on the extraction of parameters and the error
320  caused by physical structure was presented. Furthermore, the efficiency of this model was verified
321  through simulation and experiment on a commercial IGBT module. The improved Cauer-type
322 thermal network modifies the convention model both in prediction of the transient junction
323 temperature and in the steady-state junction temperature accuracy. Both modified models have
324  remarkable effects, indicating the excellent prediction performance of the junction temperature.
325  Based on the high-precision prediction performance, the temperature adaptive Cauer-type model
326  was established.
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