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AbstractThis paper is concerned with the thermal models 

which can physically reflect the heat-flow paths in a lightweight 

three-phase half bridge, two-level SiC power module with 6 

MOSFETs and can be used for coupled electro-thermal 

simulation. The finite element (FE) model was first evaluated and 

calibrated to provide the raw data for establishing the physical RC 

network model. It was experimentally verified that the cooling 

condition of the module mounted on a water cooler can be 

satisfactorily described by assuming the water cooler as a heat 

exchange boundary in the FE model. The compact RC network 

consisting of 115 R and C parameters to predict the transient 

junction temperatures of the 6 MOSFETS was constructed, where 

cross-heating effects between the MOSFETs are represented with 

lateral thermal resistors. A three-step curve fitting method was 

especially developed to overcome the challenge for extracting the 

R and C values of the RC network from the selected FE simulation 

results. The established compact RC network model can physically 

be correlated with the structure and heat-flow paths in the power 

module, and was evaluated using the FE simulation results from 

the power module under realistic switching conditions. It was also 

integrated into the LTspice model to perform the coupled electro-

thermal simulation to predict the power losses and junction 

temperatures of the 6 MOSFETs under switching frequencies 

from 5 kHz to 100 kHz which demonstrate the good electro-

thermal performance of the designed power module. 

 

Index TermsMOSFETs, SiC power module, finite element 

methods, RC network, curve fitting, three-phase inverters. 

 

I. INTRODUCTION 
 

The high performance of SiC power devices at high 

frequency, high power and high temperature applications make 

them attractive in avionic industry. In the present work, a three-

phase half bridge, two-level SiC power module based on CREE 

CPMF-1200-S080B Z-FETTMMOSFETs has been designed 

and developed specifically for avionic applications, where high 

gravimetric and volumetric power density and efficiency are 

highly desirable. In the previous publications [1, 2], the design, 

fabrication and electrical test of the assembled module were 

reported. This paper is concerned with the thermal models for 

electro-thermal analysis of the assembled module using the 

finite element (FE) method and a physical compact RC thermal 

network. The FE model is especially calibrated with 
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experimental data and can be used to calculate the temperature 

field for further thermo-mechanical design and optimization, 

and collect the temperature data for extracting the R and C 

parameters of the compact RC thermal network model. The 

latter can be used to rapidly calculate the junction temperatures 

of the power devices for further electro-thermal design, thermal 

management, reliability and lifetime prediction of the power 

module. 

There has been a wealth of work in the thermal models for 

electro-thermal analysis of power modules [3-15]. Finite 

element method (FEM) and finite difference method (FDM) 

were commonly employed for the detailed three-dimensional 

(3D) modeling and accurate simulations of the power packages 

and/or modules. They were further used in the model order 

reduction approach to generate compact thermal models by 

mathematical manipulation of linear matrix [11-13], or by a 

generalized minimized residual algorithm [10]. Fourier series 

based thermal models were also used for 3D transient thermal 

simulation of power modules, with the assumptions of perfect 

cuboid for each layer in the packaged structures and 

temperature independent material properties [7-9]. All these 

mentioned thermal models were developed to solve the 3D heat 

diffusion equation subjected to the boundary conditions of 

either fixed temperatures [13-15] or heat exchanges with the 

ambient/coolants [7-12]. However, the power modules are 

rarely encountered with a fixed temperature boundary condition 

in realistic applications. On the other hand, for all those 

developed thermal models with the heat exchange boundary 

conditions, the thermal capacitance contribution from the heat 

sink and/or thermal grease were ignored during the transient 

thermal simulations. Therefore, it is still important to 

experimentally evaluate the FE thermal model for any newly 

developed power module.  

Compact thermal models expressed as thermal resistor-

capacitor (RC) networks were more widely employed to rapidly 

predict junction temperatures or the temperatures at a few 

critical locations in the power modules for electro-thermal 

design, thermal management, reliability and lifetime prediction 

[15-24]. In the simplified cases, individual power device might 

be considered and one dimensional heat conduction was 

assumed to predict the junction temperatures [23-25]. The 

models were constructed using either Cauer cells or Foster cells, 

while mathematic methods have been developed and well 
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known to transform these two network models from each other 

[24-26]. Generally speaking, the Foster networks were used as 

behavior models to calculate the transient junction 

temperatures, while the R and C parameters in the Cauer 

networks were taken to have true physical meanings. In most 

cases, multiple power devices with both self-heating and cross-

heating effects were considered [15-21]. In these models, no 

matter whether it is self-heating or cross-heating, the heating 

contribution from each power device was described using a 

Foster network. Then the module containing m power devices 

employed m×m Foster networks to represent all the self-heating 

and cross-heating effects. 

In the present paper, the FE model has first been developed 

to simulate the transient temperature fields of the three-phase 

half bridge, two-level SiC power module which was mounted 

on a water cooler. In comparison with the previous detailed 3D 

models [10-15], the present FE model has taken into account of 

thermal capacitance contributions from the heat sink and the 

voids/defects in the solder joints to attach the SiC MOSFETs. 

The improved accuracy of the FE simulation results was 

evaluated with experimentally measured junction temperatures 

of the MOSFETs. Then the compact RC network model 

consisting of 115 R and C parameters to predict the transient 

junction temperatures of the 6 MOSFETS has further been 

developed, where cross-heating effects between the MOSFETs 

are represented with lateral thermal resistors. Such a compact 

RC network model represents the real structure and heat-flow 

paths within the module much better than those RC network 

models reported in the existing literature [15-21], but there is 

no existing method to effectively determine the R and C 

parameters. 

The specific objectives of this paper are: 1) to 

experimentally test the transient junction temperatures of the 6 

MOSFETs under 3 sets of heating conditions; 2) to compare the 

FE simulation results with the experimentally tested transient 

junction temperatures of the MOSFETs; 3) to demonstrate the 

improved prediction accuracy of the FE models taking into 

account of both the thermal capacitance contribution from the 

heat sink and the voids/defects in the solder joints; 4) to present 

the compact RC network model better representing the real 

structure and heat-flow paths within the module; 5) to develop 

an effective method for reducing the challenge of curve fitting 

to determine the R and C parameters of the compact RC thermal 

network model consisting of large numbers of R and C 

parameters; 6) to formulate a method of coupled electro-thermal 

simulation to rapidly predict the steady power losses and 

junction temperatures of the MOSFETs under realistic 

switching conditions; and 7) to reveal the electro-thermal 

performance of the designed compact and light three-phase half 

bridge, two-level SiC power module using the conventional 

packaging technologies. 

 

II. THE SIC POWER MODULE AND THERMAL 

TEST 
 

A. Description of the SiC power module 

The SiC power module has been designed to integrate three 

half-bridge switches onto a single base plate using the 

conventional solder reflow and wire bonding as the packaging 

technologies. As described in Fig. 1, there are 2 SiC dies 

(labelled as M1 and M2, M3 and M4, or M5 and M6), 6 

relatively large S shape pins and 4 relatively small S shape pins 

sitting on one substrate to form each of the three half-bridge 

switches. The SiC dies are CREE 1.2 kV CPMF-1200-S080B 

Z-FETTMMOSFETs, and the footprint of one MOSFET is 4.08 

 4.08 0.365 mm. Both the bigger and smaller S shape pins are 

made of Ni-plated Cu, and they are the power and drive 

terminals, respectively. The substrate is 0.635 mm thick Si3N4 

ceramic tile with 0.4 mm thick Cu tracks on the front side and 

0.3 mm thick Cu plate on the back side. The interconnections 

between the SiC MOSFETs, Cu tracks and the S shape pins are 

achieved using Al wire-bonds (250 µm in diameter). The base 

plate is Al-SiC composite consisting of 37 vol% Al alloy and 

63 vol% SiC. 

During the prototyping process, the SiC MOSFETs were 

first attached on the substrates using the eutectic Sn-3.5Ag 

solder joints with a thickness of 100 µm. Then the Al wires were 

bonded on the MOSFETs and the corresponding Cu tracks to 

form the interconnections. Following this, by employing a 

solder reflow jig made of PEEK, the S shape pins were bonded 

on the top sides of the substrates, and the back sides of the 

substrates were bonded on the AlSiC base plate (3 mm in 

thickness) using Pb36Sn2Ag solder joints with a thickness of 

200 µm. Finally, the assembled module is mounted under a 

plastic housing, filled with dielectric silicone gel and covered 

by a plastic lid.  

 

 
(a) 

 
(b) 

Fig. 1. The designed three-phase half bridge, two-level SiC power module with 

the silicone gel and plastic lid being invisible: (a) top view; and (b) cut iso view. 
 

Figure 2 presents one X-ray projection image of one 

assemble SiC power module especially showing the quality of 
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the Sn-3.5Ag solder joints used to attach the 6 SiC MOSFETS. 

Significant amounts of voids with percentages of 15%, 32% and 

7% can be observed in the three Sn-3.5Ag solder joints to attach 

the MOSFETs M1, M5 and M6, and should be avoided in real 

manufacturing. In the present paper, such an assembled power 

module had particularly been inspected with the X-Ray which 

is not recommended due to possible detrimental impact on the 

MOSFETs, and used to investigate the effect of the imperfect 

solder joint on the transient thermal performance. The latter can 

also be considered as a contribution of the present work. 

 

 
Fig. 2. X-ray projection image of one assembled three-phase half bridge, two-level SiC power module. 

 

B. Transient thermal test 

The transient thermal test of the assembled SiC power 

module was carried out to evaluate and calibrate the finite 

element (FE) model. Prior to the transient thermal test, the 

SiC power module was fixed on a temperature controlled hot 

plate to obtain the calibration curves describing the 

relationships between the junction temperature and the 

forward voltage of the body-diode, VF, as the temperature 

sensitive parameter for all the 6 MOSFETs. The resulting 

calibration curves were obtained under a low measurement 

current, IM, of 40 mA and are given in Fig. 3. Here and also 

in what follows, the gate was shorted to the source for each 

of the MOSFETs to prevent current flowing through the 

channel [27]. It can be seen that the junction temperature 

linearly decreases with increasing the forward voltage of the 

body diode for each of the MOSFETs. 

 

 
Fig.3. The calibration curves used to reconstruct the junction temperatures 

of the 6 SiCMOSFETs.  

 

During the transient thermal test, the module was 

mounted on a water cooler using thermal grease as shown in 

Fig. 4. Three groups of the transient test which were 

sufficient to evaluate the FE model and convenient to 

connect the test cables were performed. In each group of the 

test, a heating current, IH, 10 A was first passing through the 

body diodes of the two MOSFETs sharing the same 

substrate, i.e. M1 and M2, M3 and M4, or M5 and M6, for 

10 minutes to reach the steady state. This corresponds to a 

total heating generation approximately of 65 W for 10 

minutes, and hence ensures reasonably uniform average 

temperature of the water flowing under the 6 MOSFETs. 

Then the current was switched off, and immediately the 

forward voltages of the body diode of either a self-hearted 

MOSFET or a cross-heated MOSFET were collected using 

the measurement current 40 mA at a sampling time 1.0×10-4 

s. The transient curve of voltage versus time for only one 

MOSFET were collected during each time, and thus 6 times 

of heating the two MOSFETs first and subsequently 

collecting the voltage data during the cooling stage were 

conducted to finalize each group of the transient test. Using 

the calibration curves shown in Fig. 3, all the voltage data 

were converted into the junction temperatures of the 

MOSFETs. The resulting transient curves of temperature 

versus time were further smoothed with adjacent averaging 

of 20 points. 

 

III. FINITE ELEMENT MODEL 

 
A. Meshing system 

The FE modelling and simulation has been done using 

commercially available software Abaqus 6.11-3. As in the 

previous 3D transient thermal models [10-12], the thermal 

grease and heat sink were not included in the present 

geometric model. However their contributions to the thermal 

capacitance were explored by appropriately increasing and 

tuning the specific heat of the base plate as detailed below. 

The injected silicone gel was also excluded from the model 
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because its effect is negligible due to extremely low thermal 

conductivity. The meshing system consisting of 598269 

elements (C3D8 linear brick elements, DC3D6 linear 

triangular prism elements and DC3D10 quadratic 

tetrahedron elements) was used to discretize the three-phase 

half bridge, two-level SiC power module. The elements with 

varied sizes were employed, where the largest element is 1 

1 1 mm, and the smallest element is 0.25 0.250.025 mm 

if all the elements are imagined as the equivalent brick 

elements. The present FE simulation has been to obtain the 

transient evolutions of the averaging temperatures on the top 

active regions of the 6 MOSFTEs as labelled in Fig. 1. 

Further increase in the density of the meshing system was 

found to have a change less than 0.1% for all the resulting 

temperatures. 

 

       
(a)                                                                                     (b) 

Fig.4. The set up of the transient thermal test for M5 and M6 to be heated and the junction temperatures of M5 to be measured: (a) photograph of the SiC power 

module mounted on a water cooler; and (b) the electrical diagram. 

 
B. Thermal load and boundary conditions 

Depending on the simulation case, the initial temperature 

of the SiC power module was set at 27.5 C, 0 C or 25 C. 

Constant or switching dependent surface heating sources were 

applied on the top sides of one, two or six SiC MOSFETs 

(excluding the gate pads). The heat exchange boundary 

condition was placed between the bottom cooling surface of 

the base plate and the ambient, where the heat exchange 

coefficient of 2750 Wm-2k-1 was determined through 

matching the simulated junction temperatures of the 

MOSFETs with those obtained from the three groups of 

transient thermal test. In addition, a heat exchange coefficient 

of 5500 Wm-2k-1 was also used in 6 simulation cases for 

comparison. The transient time for most simulation cases 

lasted for 1000 seconds for ensuring to reach the steady state. 

These transient simulations were carried out for the heating 

stage, and the resulting curves of temperature versus time can 

easily be inverted into the corresponding curves for the cooing 

stage [28]. 

C. Properties of materials 

The thermo-physical properties of the materials reported in 

the existing literature [29-33] or given in the datasheet of the 

commercially available material [34] have been used as the 

benchmark in the simulations, and are listed in Table I. In order 

to take into account of thermal capacitance from the thermal 

grease and heat sink as aforementioned, the specific heat of the 

Al-SiC composite base pate was appropriately increased. This 

was done by tuning the value of the specific heat until that the 

simulated curves of the junction temperature versus time 

matched best with the experimentally tested curves. The value 

of the specific heat determined through the tuning is listed in 

the parenthesis in Table I. All the data listed in Table 1 are 

temperature-independent, and this is commonly assumed in the 

electro-thermal analyses of power modules and especially in 

the construction of compact RC network models. As 

demonstrated in the work [10, 35], for temperature variations 

of around 60–80 C, this assumption leads to an expected error 

of 2–3% for typical power module structures. For higher 

temperatures, it may be necessary to use nonlinear compact 

models and thereby time-dependent thermo-physical 

properties of the materials. 

 
TABLEE I 

THERMO-PHYSICAL PROPERTIES OF THE MATERIALS USED IN THE TRANSIENT THERMAL SIMULATIONS 

 SiC Si3N4 Cu Al Sn-3.5Ag Pb36Sn2Ag Al-SiC Plastic 

Thermal conductivity [W/(Km)] 370 70 398 238 33 100 200 0.52 

Specific heat [J/(kgC)] 750 691 380 880 200 167 741 (1000) 1150 

Density [kg/cm3] 3.21 2.40 8.85 2.70 7.36 8.41 3.01 1.43 

 
D. Simulation cases and execution 

A few trials of the FE simulation were first carried out to 

tune and select the heat exchange coefficient and the specific 

heat of the Al-SiC base plate. These were done by comparing 
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the simulation results with those from the transient test at time 

of 0.1 to 10 s. Then the simulation cases listed in Table II are 

presented in this paper. Here cases B1 to B3 were done with 

appropriately increased specific heat of the Al-SiC base plate 

and imperfect Sn-3.5Ag solder joints as shown in Fig. 2 for 

matching the results of the transient thermal test. The thermal 

loads applied on the MOSFETs were the heat dissipations of the 

body diodes of the MOSFETs during the transient thermal test. 

Cases A1 to A3 were used to compare with cases B1 to B3 for 

revealing the effects of the increased specific heat of the Al-SiC 

base plate and the imperfection of the Sn-3.5Ag solder joints. 

Cases C1 to C6 and D1 to D6 were done with unit heat input 

and zero ambient temperature, and the simulation results of 

junction temperatures are actually transient thermal 

impendence from junction to ambient. They were used to 

collect the data for extracting the R and C parameters of the 

compact RC thermal network model under two cooling 

conditions. In addition, another two cases E1 and E2 were 

employed to evaluate the established compact RC network 

model. 

All the simulations and calculations in the present paper 

were executed using the parallelization computation of 8 cores 

in a PC with Intel[R] Core[TM] i7-3820 CPU @ 3.60 GHz 

processor and 64 GB RAM. With the exception of cases E1 and 

E2, all the other cases were simulated using logarithmic scale 

time increments from 10-5 to 103 seconds, and the number of the 

increments within each order of the magnitude was 10. The 

running time was about 50 minutes if a finer meshing system 

was used. It could be reduced to 3 minutes and even shorter by 

employing relatively coarse meshing system and allowing a 

maximum change of 0.5% for all the resulting junction 

temperatures. The relatively coarse meshing system, different 

simulation times and time increments were employed for cases 

E1 and E2, and the relevant details for these two cases will be 

presented in the Subsection C. Evaluation of the compact RC 

network model in Section IV below. 

 

 
TABLEE II 

THE SIMULATION CASES WHICH WERE CARRIED OUT USING THE FE TRANSIENT THERMAL MODEL 

Simulation case Thermal loads Heat exchange 

(Wm-2C-1) 

T∞ 

(C) 

Specific heat of base plate 

(J/(kgC) 

Sn-3.5Ag solder joints 

A1 33.8 W on M1, 31.9 W on M2 2750 27.5 741 Ideally perfect 

A2 32.5 W on M3, 33.0 W on M4 2750 27.5 741 Ideally perfect 

A3 33.8 W on M5, 31.9 W on M6 2750 27.5 741 Ideally perfect 

      

B1 33.8 W on M1, 31.9 W on M2 2750 27.5 1000 Real with voids 

B2 32.5 W on M3, 33.0 W on M4 2750 27.5 1000 Real with voids 

B3 33.8 W on M5, 31.9 W on M6 2750 27.5 1000 Real with voids 

      

C1 1 W on M1 2750 0 1000 Real with voids 

C2 1 W on M2 2750 0 1000 Real with voids 

C3 1W on M3 2750 0 1000 Real with voids 

C4 1W on M4 2750 0 1000 Real with voids 

C5 1 W on M5 2750 0 1000 Real with voids 

C6 1W on M6 2750 0 1000 Real with voids 

      

D1 1 W on M1 5500 0 1000 Real with voids 

D2 1 W on M2 5500 0 1000 Real with voids 

D3 1W on M3 5500 0 1000 Real with voids 

D4 1W on M4 5500 0 1000 Real with voids 

D5 1 W on M5 5500 0 1000 Real with voids 

D6 1W on M6 5500 0 1000 Real with voids 

      

E1 Detailed in Section IV 2750 25 1000 Real with voids 

E2 Detailed in Section IV 2750 25 1000 Real with voids 

 

 

IV. COMPACT RC NETWORK MODEL 

 
A. Construction of the compact RC network 

As described in Fig. 5, the compact RC network model of 

the SiC power module has been constructed based on the one-

dimensional 8-rung Cauer RC thermal network. The latter was 

selected because vertically the heat-flow paths of all the 6 

MOSFETS pass through 8 physical layers in the FE model: SiC 

MOSFET, Sn-3.5Ag solder joint, Cu, Si3N4 ceramic, Cu, 

Pb36Sn2Ag solder joint, Al-SiC base plate and ambient. The 

cross-heating effects between the MOSFETs are implemented 

using lateral resistors. If the two MOSFETs share one substrate, 

5 lateral resistors are used to interconnect the neighboring two 

vertical heat-flow paths. Otherwise, only 2 lateral resistors are 

used to interconnect the neighboring two vertical heat-flow 
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paths. Such a compact RC network represents a discretised 

image of the real structure and heat-flow paths in the SiC power 

module. It is not only more compact than the corresponding 

m×m Foster networks with 16×6×6=576 R and C parameters, 

but also relatively convenient to consider temperature-

dependent R and C parameters when necessary. 

B. Extraction of the R and C parameters 

If the heat-flow paths in the SiC power module are known, 

the R and C parameters of the RC network can directly be 

calculated with the thermo-physical properties of the materials 

as listed in Table I. In reality, it is not a simple task to obtain 

the accurate dimensions of the three-dimensional heat-flow 

paths. In the present work, the R and C parameters are extracted 

from the FE simulation results of the cases C1 to C6 or D1 to 

D6. The R and C parameters can be extracted because in the RC 

network described in Fig. 5, the nodal temperatures can be 

calculated using the following ordinary differential equation 

system: 

 

𝐾 ∙ 𝑇 + 𝐶 ∙
𝑑𝑇

𝑑𝑡
= 𝑃   (1) 

 

where T is the vector of nodal temperatures, K and C are the 

thermal conductivity and capacitance matrices, and P is the 

vector of thermal loads. The K and C matrices can be expresses 

as: 

 

𝐾 = [

 1/𝑅11 −1/𝑅11

−1/𝑅11 1/𝑅11 + 1/𝑅12

… 0
… 0

      ⋮               ⋮
     0                   0      

⋱ ⋮
… 1/𝑅67 + 1/𝑅68 + 1/𝑅568

]    (2) 

𝐶 = [

𝐶11 0
0 𝐶12

… 0
… 0

⋮  ⋮
0   0 

⋱ ⋮
… 𝐶68

]   (3) 

 

 
Fig.5.The compact RC network model including both self-heating and cross-

heating effects of the 6 MOSFETs. 

 
Through curve fitting of the FE simulation results to 

equation system (1), the R and C parameters in the RC network 

model could be extracted. Here the FE simulation results are the 

36 self-heating and cross-heating curves of the transient 

temperatures for all the 6 MOSFETs in the simulation cases C1 

to C6 or D1 to D6. The accuracy of the curve fitting can be 

evaluated by root mean square error between the RC network 

predictions and the FE simulation results. However, with the 

115 R and C parameters in the RC network, it is very 

challenging and computation time consuming to achieve 

accurate curve fitting without good estimation of the initial 

values. To overcome the above challenging, a three-step curve 

fitting method as described in Fig. 6 has been developed and 

can be considered as one important contribution from the 

present work. This curve fitting method is further described as 

follows: 

 

 

Fig. 6. The flowchart describing the three-step curve fitting method to R and C 
parameters of the RC network. 

 

First, the one-dimensional 8-rung Cauer RC network as 

shown in Fig. 7was constructed to consider the self-heating 

effect only for each of the 6 MOSFETs. This was done using 
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the established curve fitting method which starts with the 

construction of the Foster RC network and then converts it into 

the corresponding Cauer network [24-26]. The R and C 

parameters of the 6 Cauer RC networks for the 6 MOSFETs 

were thus extracted from the FE simulation results of the 

transient junction temperatures, Ti1(t), i=1, 2, …, 6, for cases C1 

to C6 or D1 to D6. As shown in Fig. 5, no lateral resistor is 

interconnected between the nodes if their orders in the rung are 

lower than 4. The Rij and Cij parameters where i=1, 2, …, 6 and 

j=1,2 and 3 which were extracted in this step were thus taken as 

the determined values for the compact RC network shown in 

Fig. 5. The extracted Cij parameters where i=1, 2, …, 6 and j=4, 

5, and 6 would be used as the initial values for the third, i.e., the 

final step of the curve fitting.  

 

 

Fig. 7.The Cauer RC thermal network considering the self-heating effect only 

for each of the 6 MOSFETs. 

 

The second step was carried out to estimate the initial values 

of all the rest 31 R parameters which would be extracted in the 

third, i.e., the final step of the curve fitting. In this step, the 6 

one-dimensional 8-rung Cauer RC networks constructed in the 

first step for the self-heating effects of the 6 MOSFETs were 

used to calculate 42steady nodal temperatures, Tij(∞) where i=1, 

2, …, 6 and j=2,3, …, 8. These 42 steady nodal temperatures 

were assumed to be same as those in the compact RC network 

shown in Fig. 7 under the same power inputs and steady state. 

Another 36 steady nodal temperatures, Ti1(∞) where i=1, 2, …, 

6, can directly be read from the FE simulation results of cases 

C1 to C6 or D1 to D6. The initial values of the 31 R parameters 

for the final step of the curve fitting could thus be estimated by 

fitting the 78 steady nodal temperatures to the following 

equation system (4): 

 

𝐾 ∙ 𝑇 = 𝑃   (4) 

 

Finally, with the initial values estimated in the above steps 

1 and 2, the values of another 79 R and C parameters were 

extracted by fitting the FE simulation results of cases C1 to C6 

or D1 to D6 to equation system (1) as aforementioned. In both 

this step and the second step, additional constraints were 

applied to all the R and C parameters with the same rungs: the 

minimum value must be higher than half of the maximum value. 

These constraints were based on both the structure of the SiC 

power module and the results obtained in the first step of the 

data fitting. 

The above three-step data fitting method was implemented 

using self-written codes of Matlab 2014b where the date and/or 

curve fittings were evaluated using function “fminsearch” and 

the ordinary differential equation system was solved using 

function “ode15s”. The running time was about 2 minutes for 

both the 1ststep and the 2nd step, and was about 2 to 10 minutes 

to achieve a root mean square error of 0.0024 to 0.0009 C for 

the 3rd step. 

C. Evaluation of the compact RC network model 

The compact RC network model has been evaluated by 

comparing the junction temperatures of the 6 MOSFETs which 

were simulated using the compact thermal RC network model 

and the FE model for the power module to be operated under 

two switching frequencies of 5 kHz and 100 kHz (cases E1 and 

E2 in Table II). As described in the previous publications [1, 2], 

the three-phase half bridge, two-level SiC power module was 

designed for an avionic system where the input DC link voltage 

is 540V, full load is 6 kW, and output phase-to-neutral root 

mean square (RMS) voltage is 115 V with fundamental 

frequency of 50 Hz. The LTspice model was hence constructed 

based on the test setup for the full load of 6 kW as detailed in 

the previous publications [1, 2]. Here the SPICE model of the 

SiC MOSFET was adopted from the model C2M0080120D 

provided by CREE, where only the in-built 6 RC thermal 

networks in the 6 MOSFETs were replaced by the present RC 

network model. The power loss, i.e. heat generation from each 

MOSFET was a function of the simulation time, and was the 

absolute of the product of the collected current passing through 

and voltage drop across the drain and the source. Such power 

loss actually contained an artificial switching loss of the body 

diode during its reverse recovery, and hence was significantly 

overestimated. However, this would not weaken by any means 

the validity of evaluating the RC network model with the FE 

simulation results. In addition, the parasitic inductances of 6.76 

nH and 6.32 nH which were obtained from electro-magnetic 

simulation were connected in series with each of the MOSFETs 

at the DC+ and DC- sides, respectively. The gates of the 6 

MOSFETS were controlled using the sinusoidal pulse width 

modulation signals [36]. 

The junction temperatures and power losses of the 6 

MOSFETs were first simulated using the simulator LTspice IV 

by Linear Technology. The transient junction temperatures of 

the 6 MOSFETs were actually calculated using the present RC 

network model. Then the junction temperatures of the 6 

MOSFETs were further simulated using the FE model under the 

power losses and time increments the same as those in the 

LTspice simulation. For the switching frequency of 5 kHz, the 

running time of the LTspice model for one fundamental output 

cycle of 20 milliseconds, was 4 minutes. The running time of 

the FE model using the same 84000 increments for a transient 

time of 1 millisecond was approximately 53 hours. For the 

switching frequency of 100 kHz, the running time of the 

LTspice model for one fundamental output cycle of 20 

milliseconds was 44 minutes. The running time of the FE model 

using the same 125647 increments for a transient time of 0.1 

millisecond was about 79 hours. 

D. Electro-thermal simulation with the RC network model 

In principle, the above constructed LTspice model 

integrating the RC network model can be used to perform the 

transient electro-thermal simulation of the SiC power module 

starting from the initial state to the steady state. However, this 

is still too time-consuming for a transient time longer than 10 

seconds. Therefore, in the present work, the established RC 

network model and the above constructed LTspice model 

integrating the RC network model have jointly been employed 

to perform the coupled electro-thermal simulation for 

predicting the steady power losses and junction temperatures of 



TPEL-Reg-2016-10-2014.R1 

 

 

8 

the 6 MOSFTs in the SiC power module under the switching 

frequencies of 5, 10, 20, 40, 60, 80 and 100 kHz. Here the 

SPICE model of the SiC MOSFET was further modified, and 

the artificial switching loss of the body diode during its reverse 

recovery was removed from the power loss. In the RC network 

model, the R and C parameters for the cooling condition with a 

heat exchange coefficient of 2750 Wm-2K-1 were taken. For 

each switching frequency, the electro-thermal simulation was 

carried out with the following steps: 

(i) The LTspice model without the RC network model, i.e. 

by fixing the junction temperatures of all the 6 MOSFETs at 25 

C, was employed to simulate the temperature-independent 

response for a transient time of 100 ms, i.e. 5 fundamental 

output cycles. From the simulation result, the temperature-

independent average power loss, PLA, of each MOSFET during 

one fundamental output cycle was calculated with: 

 

𝑃𝐿𝐴 = ∫ |𝐼𝑀(𝑡)𝑉𝐷𝑆(𝑡)|𝑑𝑡
𝑡=100𝑚𝑠

𝑡=80𝑚𝑠
𝑇𝑃⁄   (5) 

 

where t is transient time, IM is the current passing through the 

MOSFET but excluding the reverse recovery current of the 

body diode, VDS is the voltage drop across the drain and source, 

and TP is the fundamental output period of 20 ms. 

(ii) The separate RC network model was used to simulate 

for a transient time of 1000 seconds to obtain the steady junction 

temperatures of the 6 MOSFETs in the SiC power module with 

the calculated power losses. 

(iii) With the steady junction temperatures of the 6 

MOSFETs obtained in step (ii) as the initial temperatures, the 

LTspice model integrating the RC network model was used to 

simulate the coupled electro-thermal response for a transient 

time of 100 ms, i.e. 5 fundamental output cycles. From this 

simulation result, the temperature-dependent average power 

loss and average junction temperature of each MOSFET during 

one fundamental output cycle were calculated also with Eq. (5) 

or an equation similar to Eq. (5) where the absolute of the 

product of IM(t) and VDS(t) was replaced by the junction 

temperature as a function of the transient time, TJ(t). 

(iv) The above steps (ii) and (iii) were repeated until the 

absolute iteration errors of both the temperature-dependent 

average power loss and average junction temperature were 

respectively lower than 0.1 W and 0.1 C for all the 6 

MOSFETs. Such final results presented below are referred to as 

the steady electro-thermal simulation results. 

 

V. RESULTS AND DISCUSSION 

 
A. Comparison of FE simulation and experiment 

If the maximum temperatures on the MOSFETs were used 

as the junction temperatures, it was hard to achieve reasonable 

agreement between the FE simulation and the experimental 

results. Therefore, the junction temperatures  presented in Fig. 

8 were the average temperatures on the top active surface 

regions of the MOSFETs. As can be seen from Fig. 8 (b), (d) 

and (f), with the selected heat exchange coefficient applied on 

the cooling surface, appropriately increased specific heat of the 

Al-SiC composite base plate and the consideration of the voids 

within the Sn-Ag solder joints, the FE simulation results are in 

satisfactory agreement with those of the transient thermal test. 

Therefore, the FE thermal simulation using a proper heat 

exchange coefficient to simplify the interaction between the 

power module and the water cooler can still provide good 

predictions though a much more computation resource 

demanding co-simulation of thermal and computational fluid 

dynamics may provide better predictions. 

Comparing Fig. 8 (a), (c) and (e) with Fig. 8 (b), (d) and (f), 

it can be seen that ignoring the 15% and 7% voids in the Sn-

3.5Ag solder joints to attach MOSFETs M1 and M6 in the FE 

model, there is negligible effect on the simulation results. By 

contrast, ignoring the 32% voids in the Sn-3.5Ag solder joint to 

attach MOSFET M5, the junction temperatures of this 

MOSFET are underestimated about 3 C during the early stage. 

These results are probably related to the resolution of the 

transient thermal test and relative small contribution of thermal 

capacitance and resistance from the Sn-Ag solder joints in the 

module system, which could hardly reveal the virtual effect of 

relatively low percentages of the voids in the Sn-3.5Ag solder 

joints. On the other hand, if datum provided by the supplier was 

taken as the specific heat of the Al-SiC base plate, the FE 

simulation results somewhat underestimate the junction 

temperatures of all the 6 MOSFETs at the transient time of 5 to 

50 seconds. Thus, it is necessary to increase the specific heat of 

the base plate while the thermal grease and cooler are ignored 

for simplification. 

From Fig. 8, it can be further seen that the transient thermal 

test did not capture the thermal response of all the MOSFETs at 

time of 10-5 to 10-3 s which are needed to reveal the 

contributions from the MOSFETs themselves and the Sn-3.5Ag 

solder joints to attach these MOSFETs. This agrees with what 

was pointed out in the existing literature: the experimental 

techniques exist for accurately measuring the thermal transient 

response of a physical device in the 100 microsecond range 

[37]. Therefore, in the present work, the FE simulation results 

from cases C1 to C6 and D1 to D6 were used to extract the R 

and C parameters of the compact RC thermal network model.  

B. R and C parameters of the RC network model 

The FE simulation results of cases C1 to C6 and D1 to D6 

can be fitted to the compact RC network model described in 

Fig. 5 very well, and the R and C parameters extracted using the 

three-step curve fitting method are listed in Table III. Here the 

unit for the R parameters is C/W, and the unit for the C 

parameters is J/C.The extracted R and C parameters can indeed 

reflect the physical structure of the SiC power module which 

cannot be revealed using an m×m Foster network similar to the 

previous RC network models [15-18, 21]. For example, the 

values of C17, C18, C67 and C68 are higher than the values of CI7 

and CI8 (I=2, 3, 4 and 5), and the values of R17, R18, R67 and R68 

are higher than the values of RI7 and RI8 (I=2, 3, 4 and 5). Such 

a result corresponds to the fact that MOSFETs M1 and M6 at 

the two ends occupy more base plate and larger cooling surface 

than the other four MOSFETs, M2, M3, M4 and M5, as can be 

seen from Fig. 1. The values of R53, R13 and R63 are clearly 

higher than those of R23, R33 and R43. This is in good agreement 

with 32%, 15% and 7% voids in the Sn-3.5Ag solder joints used 

to attach M5, M1 and M6. Under a higher heat exchange 

coefficient of h, the values of CI8 are higher, and CI7, RI7 and RI8 

https://en.wikipedia.org/wiki/Computational_fluid_dynamics
https://en.wikipedia.org/wiki/Computational_fluid_dynamics
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(I=1, 2, …, 6) are lower than the corresponding parameters 

under a lower heat exchange coefficient of h. This can readily 

be attributed to the fact that a higher h would lead to shorter 

heat-flow paths through the base plate and require a higher flow 

rate and hence more thermal mass of the water coolant. 

Therefore, all these results indicate that the present compact RC 

thermal network model can describe the structure and heat-flow 

paths in the SiC power module more physically meaningful. 
 

 
(a)                                                                                   (b) 

 
(c)                                                                                   (d) 

 
(e)                                                                                   (f) 

Fig. 8. Comparison of FE simulation results with those from the transient thermal test: (a) case A1; (b) case B1; (c) case A2; (d) case B2; (e) case A3; and (f) 

case B3. 
 

It should be noted that the Sn-3.5Ag solder joint is the 

second physical layer under each MOSFET while the voids in 

the Sn-3.5Ag solder joints mainly have effect on the values of 

the third-rung R53, R13 and R63. This result reveals that the rest 

5-rung R and C parameters are responsible for the heat flow in 

the rest 6 physical layers. Therefore, the 8 physical layers are 

different from the 8 layers corresponding to the 8-rung R and C 

parameters, and the change rate of heat flow within one or a few 

physical layers must be larger than that at one or a few 

interfaces between the physical layers. A larger number of rung 

for each branch of the RC network would be needed to separate 

the contributions from all the different physical layers, as that 

in the structure function based on the one-dimensional Cauer 

RC network [25].  

For all the R and C parameters listed in Table III, all the 

nodal temperatures predicted using the compact RC thermal 

network model should be either the average junction 

temperatures on each of the 6 SiC MOSFETs or the average 

temperatures within the different domains of the module. This 

is because as shown in Fig. 9, the temperatures (calculated from 
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the thermal impendence values) at any 8 locations directly 

under the MOSFET cannot match the predictions with the RC 

thermal network model. The nodal temperatures are thus the 

average temperatures of the domains occupied by the 

corresponding R and C parameters. If the nodal temperature at 

any point within the module is needed to predict, additional 

branches of the basic Cauer RC network with lateral resistors 

and certain pairs of R and C parameters to be inserted before 

and after this node would be required to ensure that the heat 

flow passing through this node is the true heat flow, rather than 

the average heat flow. Nevertheless, the temperature-dependent 

R and C parameters can still be incorporated into the present 

compact RC network model, and this will be our future work.  

 

TABLE III 

THE R AND C PARAMETERS EXTRACTED FOR THE AVERAGE JUNCTION THERMAL IMPENDENCE OF THE MOSEFETS 

h
=

2
7
5
0

W
m

-2K
-1 

 CI1 CI2 CI3 CI4 CI5 CI6 CI7 CI8 CIJ RI1 RI2 RI3 RI4 RI5 RI6 RI7 RI8 RIJ 

I=1 0.0012 0.0052 0.0101 0.059 0.249 0.014 2.505 24.51 27.35 0.0114 0.0338 0.195 0.252 0.132 0.046 0.301 0.183 1.153 

I=2 0.0012 0.0052 0.0103 0.057 0.243 0.011 2.319 15.93 18.58 0.0113 0.0337 0.169 0.250 0.150 0.036 0.463 0.281 1.394 

I=3 0.0012 0.0052 0.0103 0.060 0.282 0.011 2.306 15.93 18.61 0.0114 0.0338 0.168 0.268 0.116 0.046 0.463 0.281 1.388 

I=4 0.0012 0.0052 0.0104 0.060 0.284 0.017 2.263 15.93 18.57 0.0113 0.0337 0.167 0.272 0.117 0.046 0.463 0.281 1.392 

I=5 0.0012 0.0051 0.0099 0.055 0.268 0.012 2.303 15.93 18.58 0.0113 0.0330 0.299 0.268 0.130 0.045 0.463 0.281 1.530 

I=6 0.0012 0.0052 0.0102 0.060 0.261 0.011 2.409 24.49 27.25 0.0114 0.0338 0.180 0.264 0.139 0.030 0.301 0.183 1.142 

R124 R125 R126 R127 R128 R237 R238 R344 R345 R346 R347 R348 R457 R458 R564 R565 R566 R567 R568 

3020 26.54 12.54 0.855 46.10 0.682 0.000 1818 15.93 7.529 0.990 76.83 0.676 0.000 3031 26.55 12.53 0.858 64.42 

                    

h
=

5
5
0
0

W
m

-2K
-1 

 CI1 CI2 CI3 CI4 CI5 CI6 CI7 CI8 CIJ=1 to 8 RI1 RI2 RI3 RI4 RI5 RI6 RI7 RI8 RIJ=1 to 8 

I=1 0.0012 0.0049 0.0101 0.058 0.320 0.0074 2.412 34.05 36.86 0.0109 0.0313 0.192 0.271 0.128 0.046 0.235 0.080 0.993 

I=2 0.0012 0.0049 0.0102 0.055 0.241 0.0094 2.086 22.13 24.54 0.0109 0.0314 0.167 0.252 0.135 0.050 0.361 0.122 1.128 

I=3 0.0012 0.0049 0.0102 0.056 0.243 0.0074 2.043 22.13 24.50 0.0109 0.0315 0.165 0.256 0.122 0.048 0.361 0.122 1.117 

I=4 0.0012 0.0049 0.0102 0.057 0.254 0.0074 1.999 22.15 24.48 0.0109 0.0314 0.165 0.264 0.114 0.053 0.361 0.122 1.122 

I=5 0.0012 0.0049 0.0099 0.050 0.243 0.0114 2.110 22.15 24.58 0.0109 0.031 0.293 0.259 0.117 0.070 0.361 0.122 1.264 

I=6 0.0012 0.0049 0.0101 0.055 0.273 0.0074 2.471 33.11 35.93 0.0109 0.0313 0.177 0.257 0.140 0.053 0.235 0.080 0.983 

R124 R125 R126 R127 R128 R237 R238 R344 R345 R346 R347 R348 R457 R458 R564 R565 R566 R567 R568 

6872 22.09 11.58 0.991 161.1 0.746 0.000 7312 14.54 11.05 1.239 198.6 0.740 0.000 11447 24.23 10.84 1.017 154.9 

 

       
 

(a)                                                                            (b) 

Fig. 9. The FE simulated distribution of the thermal impedance, Rth, surrounding MOSFET M2 for case C2 approaching the steady state: (a) X-Y cross-sectional 

view; and (b) Y-Z cross-sectional view. 
 

Due to the existence of the lateral resistors, the sum of the 8 

R parameters, RIJ listed in Table III, for each of the 6 basic 

Cauer RC networks is actually larger than the total thermal 

resistance for the self-heating effect of the corresponding 

MOSFET. However, if all the 6 SiC MOSFETs generate similar 

amount of heat, the heat flow passing through the lateral 

resistors should be negligible. The values of RIJ can hence be 

used to calculate the worst rises of the average junction 

temperatures. For example, the SiC power module were tested 

to have the following worst power loss: 95% efficiency for 6 

kW output power at switching frequency of 100 kHz [1]. This 

corresponds to 50 W heat generation from each of the 6 SiC 
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MOSFETs. With the maximum R5J, 1.530 C/W under 

h=2750Wm-2K-1, in Table III, a maximum rise of average 

junction temperature of 76.5 C above the ambient is predicted. 

The maximum average junction temperature would be 104 C 

if the ambient temperature is 27.5 C as in the transient thermal 

test. Additional FE simulation reveals that the maximum 

temperature is only a few degrees higher than the average 

junction temperature for the SiC MOSFET under a heat 

generation of 50 W. Under the cooling condition of 

h=2750Wm-2K-1, the designed SiC power module can hence 

be operated at the maximum junction temperature below 125 C 

to meet the thermal specification. 

C. Evaluation of the compact RC network model 

Figures 10 and 11 present the power losses and the junction 

temperatures of the 6 MOSFETs simulated using the LTspice 

model and the FE model. As aforementioned, the high 

instantaneous turn-on power losses of the 6 MOSFETs and 

hence the fluctuations about 1 C for the junction temperatures 

during each switching cycle were due to the inclusion of the 

artificial switching losses of the body diodes. The current 

comparison between the LTspice and FE simulation results is 

concerned with the validity of the compact RC network model 

to calculate the electro-thermal response of the SiC module 

during the realistic operating conditions. The two switching 

frequencies of 5 kHz and 100 kHz were the two operating 

extrema of the designed SiC module. The electro-thermal 

simulation to deal with the power losses of the 6 MOSFETs 

shown in Fig. 10 would be more challenging than that to deal 

with those removing the artificial switching losses of the body 

diodes. The FE method has widely been demonstrated in the 

ability to predict the electro-thermal response of power 

modules, and the present FE model has experimentally been 

calibrated. As can be seen from Fig. 11, the junction 

temperatures of the 6 MOSFETs simulated using the LTspice 

model and FE model are in excellent agreement with each other. 

Therefore, these results demonstrate that the compact RC 

network model is valid and can be used to rapidly simulate the 

electro-thermal response of the SiC module under the realistic 

operating conditions. 

 

 
(a)                                                                   (b) 

Fig. 10.Power losses of the 6 MOSFETs simulated using the LTspice model for switching frequencies: (a) 5 kHz, case E1; and (b) 100 kHz, case E2. 
 

 
(a)                                                                   (b) 

Fig. 11.Comparison of the transient junction temperatures of the 6 MOSFETs simulated using the LTspice model and FE model for switching frequencies: (a) 5 

kHz, case E1; and (b) 100 kHz, case E2. 
 

D. Electro-thermal simulation with the RC network model 

The results presented below have removed the effect of the 

artificial switching losses of the body diodes in the LTspice 

model. As presented in Fig. 12(a), the average power losses of 

the 6 MOSFETs increased almost linearly with increasing the 

switching frequency. Taking into account of the effect of the 

temperature, they were slightly (01 to 0.2 W) different among 

the MOSFETs, and in the order of M5 > M2, M3 and M4 > M1 

and M6. They were all approximately 5% higher than the 

predictions ignoring the effect of the temperature. This can 

simply be attributed to the conducting losses of the MOSFETs 
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which were higher at higher temperatures [38]. The efficiency 

of the SiC power module was also estimated with the total 

average power losses of the 6 MOSFETs and the total average 

output powers of the three phases. The result is presented in Fig. 

12(b), and compared with the experimental result which was 

reported in the previous publications [1, 2]. The estimated 

efficiencies of 1.2% to 2.1% higher can be ascribed to the 

following two facts. On the one hand, the junction temperatures 

of the MOSFETs in the previous test should be higher than 

those in the present predictions because it was carried on an air-

based heat sink, while the present models has been developed 

on a water-based cooler. On the other hand, the present 

simulation ignored the contributions of power losses from all 

the connectors, cables and DC link capacitors. 
 

 
(a) 

 
(b) 

Fig. 12. Comparison of the steady simulation results using the LTspice models 

with (temperature-dependant) and without (temperature-independant) the RC 
network model: (a) average power losses of the 6 MOSFETs; and (b) efficiency 

of the three phase, two level power module. 

 

As can be seen from Fig. 11(b) and Fig. 13(a), after 

removing the artificial switching losses of the body diodes in 

the LTspice model, both the fluctuations of the junction 

temperatures during each switching cycle and the rises of the 

junction temperatures during the early transient stage were 

significantly reduced. Fig. 13(b) presents one example of the 

simulated steady "sinusoidal-like" evolutions of the junction 

temperatures of MOSFETs M5 and M6 during two fundamental 

output cycles. Fig. 14 further presents the average junction 

temperatures and swinging amplitudes of the junction 

temperatures of the 6 MOSFETs during each fundamental 

output cycle. Both the average junction temperatures and their 

swinging amplitudes appeared to increase linearly with 

increasing the switching frequency. The average junction 

temperatures of MOSFET M5 were 1 to 2 C higher than those 

of MOSFETs M2, M3 and M4, while the latter were 1 C to 3 

C higher than those of MOSFETs M1 and M6. These average 

junction temperatures together with their swinging amplitudes 

would predict the lifetimes of the Al wire bonds on MOSFET 

M5 would probably half of those of Al wire bonds on 

MOSFETs M1 and M6 [39]. Therefore, the porous Sn-3.5Ag 

solder joint to attach M5 causing higher junction temperatures 

should be avoided during the assembling process. 
 

 
(a) 

 
(b) 

Fig. 13. The junction temperatures of MOSFETs M5 and M6 under switching 

frequency of 100 kHz, simulated using the LTspice models integrating the RC 

network model: (a) three fundamental output cycles of the initially transient 

state; and (b) two fundamental output cycles of the steady state. 
 

For the switching frequencies of 5 kHz to 100 kHz, the 

swinging amplitudes of the junction temperatures of MOSFET 

M5 were 0.4 C to 1.6 C higher than those of the other 5 

MOSFETs. Excluding M5, the "sinusoidal-like" swinging 

amplitudes of the junction temperatures of the other 5 

MOSFETs during each fundamental output cycle were all in the 

range of 3.7 C to and 6.4 C. They are actually better than the 

swinging amplitude approximately of 7 C which was predicted 

for the 50 Hz fundamental frequency related short-term thermal 

behavior of a Si IGBT-based wind power converter with 

switching frequency of 1950 Hz in the existing literature [40]. 

This result, together with the 95% to 98% efficiencies of the 

same SiC power module under the different switching 
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frequencies which were tested in the previous publication [1], 

indicate that even under higher switching frequencies, the 

presently designed and developed much more compact and 

lighter SiC power module can achieve the thermal performance 

better than or similar to the conventional Si IGBT power 

modules. 

 

 
(a) 

 
(b) 

Fig. 14. The steady electro-thermal simulation results using the LTspice models 

integrating the RC network model: (a) average junction temperatures; and (b) 
swinging amplitudes of the junction temperatures of the 6 MOSFETs during 

each fundamental output cycle. 

 

VI. CONCLUSIONS 

 
Based on the above results and discussion of the transient 

thermal test, FE and compact RC network simulations for the 

lightweight three-phase half bridge, two-level SiC power 

module, the following conclusions are drawn: 

The junction temperatures of the 6 SiC MOSFETs in three 

groups of transient thermal test were measured using the 

forward voltages of the body diodes as the temperature sensitive 

parameters. Through matching the FE simulation results with 

the experimental measurements, a constant heat exchange 

coefficient in the FE model was determined and used to 

describe the cooling condition of the module mounted on a 

water cooler. To achieve satisfactory agreement with the 

measurements, the junction temperatures are expressed as the 

average values of the temperatures on the top active surface 

regions of the MOSFETs. 

By increasing the specific heat of the Al-SiC base plate 

appropriately, this can improve the FE prediction accuracy for 

the junction temperatures at the transient time range of 5 to 50 

seconds. On the other hand, of the 7%, 15% and 32% voids in 

the Sn-3.5Ag solder joints to attach the MOSFETs, only the 

effect of the 32% voids on the junction temperatures can 

virtually be observed. This result is probably related to the 

resolution of the transient thermal test and relative small 

contribution of thermal capacitance and resistance from the Sn-

Ag solder joints in the module system. 

A compact RC thermal network model consisting of 115 R 

and C parameters to predict the transient junction temperatures 

of the 6 MOSFETS were constructed, where cross-heating 

effects between the MOSFETs are represented with lateral 

thermal resistors.The R and C values of the network model can 

be extracted from the FE simulation results of 6 transient 

simulation cases. A three-step curve fitting method was 

especially developed to extract the R and C parameters using an 

office desktop computer, for a total running time within 15 

minutes. 

The compact RC network model can physically be 

correlated withthe structure and heat-flow paths in the power 

module, as reflected by R and C parameters which were closely 

associated with the percentages of voids in the Sn-3.5Ag solder 

joints, volumes of the Al-SiC base plate and the cooling 

surfaces shared by each of the 6 MOSFETs. However, due to 

compact nature, all the nodal temperatures predicted using the 

RC thermal network model should be taken as either the 

average junction temperatures on each of the MOSFETs or the 

average temperatures within the different domains of the 

module. 

Comparison with further FE simulation results demonstrates 

that the compact RC network model can be used to rapidly 

simulate the electro-thermal response of the SiC module under 

the realistic switching conditions. The simulation results from a 

few additional trial, together with the previously reported 95% 

to 98% efficiencies of the same SiC power module under the 

different switching frequencies, indicate that even under higher 

switching frequencies, the presently designed and developed 

much more compact and lighter SiC power module can achieve 

the thermal performance better than or similar to the 

conventional Si IGBT power modules. 

The present work demonstrates that the up to date 

computation capacity and commercially available design tools 

can be employed to effectively design new power modules. The 

design tools used in the present work include a FE software 

Abaqus for thermal modelling and simulation, a FE software 

Maxwell for electro-magnetic modelling and simulation, a 

numerical programming software Matlab for developing the 

three-step curve fitting method and a circuit simulation software 

LTspice for the electrical and electro-thermal simulation. The 

experimental evaluation and calibration were used to improve 

the accuracy of the simulation results.  

 

REFERENCES 

 
1. E. Gurpinar, et al., Testing of a Lightweight SiC Power Module for Avionic 

Applications, in The 7th IET International Conference on Power 

Electronics, Machines and Drives (PEMD 2014). 2014, IET: Manchester, 

UK. p. 1-6. 

2. J.F. Li, et al., Built-In Reliability Design of a High-Frequency SiC MOSFET 

Power Module, in The 2014 International Power Electronics Conference. 



TPEL-Reg-2016-10-2014.R1 

 

 

14 

2014, IEEE: Hiroshima, Japan. p. 3718-3725. 

3. S. Carubelli and Z. Khatir, Experimental validation of a thermal modelling 

method dedicated to multichip power modules in operating conditions. 

Microelectronics Journal, 2003. 34: p. 1143-1151. 
4. C.S. Yun, et al., Thermal component model for electrothermal analysis of 

IGBT module systems. IEEE Transactions on Advanced Packaging, 2001. 

24: p. 401-406. 
5. Z. Jiang, et al., Investigation of the temperature character of IGBT failure 

mode based the 3-D thermal—Electro coupling FEM. Advanced Materials 

Research, 2013. 655-657: p. 1576-1580. 
6. A.R. Hefner and D.L. Blackburn, Simulating the Dynamic Electrothermal 

Behavior of Power Electronic Circuits and Systems. IEEE Transactions on 

Power Electronics, 1993. 8: p. 376-385. 
7. I.R. Swan, A.T. Bryant, and P.A. Mawby, Fast 3D thermal simulation of 

power module packaging. International Journal of Numerical Modelling: 

Electronic Networks, Devices and Fields, 2012. 25: p. 378-399. 
8. I.R. Swan, et al., A fast loss and temperature simulation method for power 

converters, part II: 3-D thermal model of power module. IEEE Transactions 

on Power Electronics, 2012. 27: p. 258-268. 

9. A.T. Bryant, et al., Validation of a fast loss and temperature simulation 

method for power converters. 2010 6th International Conference on 

Integrated Power Electronics Systems, 2010. 27: p. 1-6. 
10. P.L. Evans,, A. Castellazzi, and C. Mark Johnson, Automated fast extraction 

of compact thermal models for power electronic modules. IEEE 
Transactions on Power Electronics, 2013. 28: p. 4791-4802. 

11. J.T. Hsu and L. Vu-Quoc, A rational formulation of thermal circuit models 

for electrothermal simulation. II. Model reduction techniques [power 
electronic systems]. IEEE Transactions on Circuits and Systems I: 

Fundamental Theory and Applications, 1996. 43: p. 733-744. 

12. J.T. Hsu and L. Vu-Quoc, A rational formulation of thermal circuit models 
for electrothermal simulation-part I: Finite element method. IEEE 

Transactions on Circuits and Systems I: Fundamental Theory and 

Applications, 1996. 43: p. 721-732. 
13. S. D'Arco, and B. Gustavsen, Reduced order thermal modeling of power 

electronics modules via Time Domain Vector Fitting. 2013 17th IEEE 

Workshop on Signal and Power Integrity, SPI 2013, 2013: p. 0-3. 

14. J. Reichl, et al., 3-D thermal component model for electrothermal analysis 

of multichip power modules with experimental validation. IEEE 

Transactions on Power Electronics, 2015. 30: p. 3300-3308. 
15. M. Iachello, et al., Lumped Parameter Modeling for Thermal 

Characterization of High-Power Modules. IEEE Transactions on Power 

Electronics, 2014. 4: p. 1613-1623. 
16. M.J. Whitehead and C.M. Johnson. Determination of of Thermal Cross-

Coupling Effects in Multi-Device Power Electronic Modules. in The 3rd IET 

International Conference on Power Electronics, Machines and Drives, 
2006. . 2006. The Contarf Castle, Dublin, Ireland: IET. 

17. M. Musallam, and C.M. Johnson, Real-time compact thermal models for 

health management of power electronics. IEEE Transactions on Power 
Electronics, 2010. 25: p. 1416-1425. 

18. A. Raciti and D. Cristaldi, Thermal modeling of integrated power electronic 

modules by a lumped-parameter circuit approach, in AEIT Annual 
Conference, 2013 2013, IEEE: Mondello p. 1-6. 

19. A.S. Bahman, K. Ma, and F. Blaabjerg, A novel 3D thermal impedance 

model for high power modules considering multi-layer thermal coupling 
and different heating/cooling conditions, in 2015 IEEE Applied Power 

Electronics Conference and Exposition (APEC). 2015. p. 1209-1215. 

20. A.S. Bahman, K. Ma, and F. Blaabjerg, Thermal impedance model of high 
power IGBT modules considering heat coupling effects. Proceedings - 2014 

International Power Electronics and Application Conference and 

Exposition, IEEE PEAC 2014, 2014: p. 1382-1387. 
21. Z. Zhou, P.M. Holland, and P. Igic, Compact thermal model of a three-phase 

IGBT inverter power module. "2008 26th International Conference on 

Microelectronics, Proceedings, MIEL 2008", 2008: p. 167-170. 

22. G. Greco, et al. Generation of Electro-Thermal Models of Integrated Power 

Electronics Modules Using a Novel Synthesis Technique. in 19th 

INTERNATIONAL WORKSHOP on Thermal Investigations of ICs and 
Systems. 2013. Berlin, Germany. 

23. Y. Yu, T.Y.T. Lee, and V.A. Chiriac, Compact thermal resistor-capacitor-

network approach to predicting transient junction temperatures of a power 
amplifier module. IEEE Transactions on Components, Packaging and 

Manufacturing Technology, 2012. 2: p. 1172-1181. 

24. Y. Gerstenmaier, Combination of thermal subsystems modeled by rapid 
circuit transformation, in 13th International Workshop on Thermal 

Investigation of ICs and Systems, 2007. THERMINIC 2007. . 2007: 

Budapest, Hungary,. p. 115-120. 
25. V. Székely and T.V. Bien, Fine structure of heat flow path in semiconductor 

devices: A measurement and identification method. Solid-State Electronics 

1988. 31(9): p. 1363-1368. 
26. P.R. Parthasarathy and S. Feldman, On an inverse problem in Cauer 

networks. Inverse Problems, 2000. 16: p. 49-58. 

27. J.N. Davidson, et al., Measurement and Characterisation Technique for 

Real-Time Die Temperature Prediction of MOSFET-Based Power 

Electronics. IEEE Transactions on Power Electronics, 2015. 8993: p. 1-11. 

28. J.W. Sofia, Fundamentals of Thermal Resistance Measurement. Analysis 
Technology, 1995. 

29. A. Zeanh, et al., Lifetime and reliability assessment of AlN substrates used 
in harsh aeronautic environments power switch modules. Advanced 

Materials Research, 2010. 112: p. 113-127. 

30. A. Zeanh, et al., Thermomechanical modelling and reliability study of an 
IGBT module for an aeronautical application, in EuroSimE 2008 - 

International Conference on Thermal, Mechanical and Multi-Physics 

Simulation and Experiments in Microelectronics and Micro-Systems. 2008. 
p. 3-9. 

31. W.W. Sheng and R.P. Colino, Power Electronic Modules: Design and 

Manufacture. 2005, Florida, USA: CRC Press LLC. 
32. N. Kaminski and O. Hilt, eds. SiC and GaN devices - Competition or 

coexistence? Proc. 7th International Conferecne on Integrated Power 

Electronics Systems (CIPS). 2012. 393-403. 

33. B.A. Zahn. Comprehensive solder fatigue and thermal characterization of 

a silicon based multichip module package utilizing finite element analysis. 

in Proceedings of the 9th International ANSYS Conference and Exhibition. 
2000. Pittsburgh Hilton & Towers. 

34. CPS AlSiC Composites, C.T. Corporation, Editor. 2008. 

35. M. Rencz and V. Szekely, Studies on the nonlinearity effects in dynamic 
compact model generation of packages. IEEE Transactions on Components 

and Packaging Technologies, 2004. 27: p. 124-130. 

36. AP16097, XC164 Different PWM Waveforms Generation for 3-Phase AC 
Induction Motor with XC164CS, Application Note, V1.0, July 2006, 

Published by Infineon Technologies AG, 81726 München, Germany. 

37. R.P. Stout and D.T. Billings, How to extend a thermal-RC-network model 
(derived from experimental data) to respond to an arbitrarily fast input, in 

Semiconductor Thermal Measurement and Management Symposium, 1998. 

SEMI-THERM Proceedings 1998., Fourteenth Annual IEEE. p. 8-15. 
38. Datasheet, CPMF-1200-S080B SiC MOSFET, N-Channel Enhancement 

Mode, Bare Die, Cree, Inc. www.cree.com/power, I. Cree, Editor. 

39. T. Dai, et al. Real-time degradation monitoring and lifetime estimation of 
3D integrated bond-wire-less double-sided cooled power switch 

technologies. in Proceedings of the 15th European Conference on Power 

Electronics and Applications. 2013. Lille, France. 
40. K. Ma, et al., Thermal Loading and Lifetime Estimation for Power Device 

Considering Mission Profiles in Wind Power Converter. IEEE Transactions 

on Power Electronics, 2015. 30: p. 590-602. 
 

http://www.cree.com/power


TPEL-Reg-2016-10-2014.R1 

 

 

15 

 

Jianfeng Li received the B.S. degree in 

mineralogy from Nanjing University, 

Nanjing, China, in 1991, and the M.S. 

and Ph.D. degrees both in materials 

science from the Shanghai Institute of 

Ceramics, Chinese Academy of 

Sciences, Shanghai, China, in 1996 and 

1999, respectively. He worked in the 

areas of thermal spray, laser materials 

processing, and high-temperature 

electronic packaging at the University of 

Technology of Belfort, Monbeliard, 

France, the University of Manchester, 

and King’s College, London, U.K., until 2007. He joined the Power 

Electronics, Machines and Control Group of the University of 

Nottingham in the UK in 2008. He is currently a Senior Research 

Fellow, and working in integration, packaging, thermal, electro-

thermal and thermo-mechanical simulation, new packaging structure, 

manufacturing technologies and reliability of high performance and 

low cost power electronic modules. 

 

Alberto Castellazzi is an Associate 

Professor of Power Electronics at The 

University of Nottingham, Nottingham, 

U.K. He has been active in power 

electronics research and development for 

over 15 years and has had extensive 

collaborations with major European and 

international research laboratories and 

groups on publicly and privately funded 

projects. His research interests include 

characterization, modelling, application, 

packaging 

and cooling 

of power devices. He has authored or co-

authored over 150 papers published in 

peer-reviewed journals and conference 

proceedings. Dr. Castellazzi is a member 

of the Technical Programme Committee 

of the 

International Symposium on Power 

Semiconductor Devices and ICs 

(ISPSD). 

 
Mohd. Amir Eleffendi received his PhD in Electrical and Electronics 

Engineering from the University of Nottingham in 2016, an MSc in 

control systems from the University of Sheffield in 2011 and a B.Sc. 

in computer engineering from the University of Aleppo in Syria in 

2009. His research interests are prognostics and health management 

for power electronics and power semiconductors, fault detection and 

diagnosis algorithms, thermo-sensitive electrical parameters, active 

gate drives and thermal management. 

 

Emre Gurpinar (S’11) received the 

B.Sc. degree in electrical engineering 

from Istanbul Technical University, 

Istanbul, Turkey, in 2009 and the M.Sc. 

degree in power electronics, machines 

and drives from the University of 

Manchester, Manchester, U.K. in 2010. 

He received the Ph.D. degree in 

electrical and electronics engineering 

from University of Nottingham, U.K. in 

2017. He was a visiting Ph.D. student 

with the Department of Energy 

Technology, Aalborg University, 

Denmark, between August 2015 and 

October 2015. He was an R&D Power 

Electronics Engineer with General 

Electric, U.K. His research interest 

include wide-bandgap power devices, 

high-frequency converters, renewable 

power systems, and hybrid multilevel inverters. 

 
Professor C Mark Johnson (Member since 1990) received the BA 

degree in engineering and the PhD degree in electrical engineering 

from the University of Cambridge, UK, in 1986 and 1991 respectively. 

From 1990 to 1992 he was a Research Associate at the University of 

Cambridge and in 1992 he was appointed Lecturer at the University of 

Newcastle, UK, where his research included the design, analysis and 

characterisation of power semiconductor devices, resonant power 

conversion and instrumentation. From 1998 to 2001 he managed the 

UK national programme on Silicon Carbide electronics and in 2000 he 

became Reader of Power Electronics at the University of Newcastle. 

In 2003, Professor Johnson was appointed as Rolls-Royce/RAEng 

Research Professor of Power Electronic Systems at the University of 

Sheffield and in 2006 he was appointed to a personal chair at the 

University of Nottingham, where he leads research into power 

semiconductor devices, power device packaging, reliability, thermal 

management, power module technologies and power electronic 

applications. He is Director of the UK Engineering and Physical 

Sciences Research Council (EPSRC) Centre for Power Electronics, 

which combines the UK’s best academic talent to address the key 

research challenges underpinning power electronics. 
 
Liam Mills studied Aerospace Engineering at the University of 

Liverpool, England, graduating with an honours degree in 2005. 

Shortly after he joined Semelab plc, that was subsequently acquired by 

TT Electronics in 2008, as a Quality Engineer ensuring the Space and 

Aerospace products of the company's portfolio met the criteria of 

ESCC5000 and associated specifications with data analysis and 

conformance testing. Having spent 2 years in this position he then 

joined Semelab's power module design team and was responsible for 

numerous IGBT and Diode power module designs for harsh 

environments that required high reliability construction techniques. 

During this time he was also involved with a number of UK and 

European funded programs aimed at advanced research in power 

modules and this contributed to his appointment as TT Electronics 

Semelab's Research & Development Manager in 2011. Since then he 

has been developing new material and construction techniques to 

advance the capability of power modules whilst reducing the size and 

weight for products targeted towards Aerospace applications. He has 

contributed to a number of publications and global conference 

proceedings. 


