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Abstract – A thermal model of power modules based on the physical dimension and 

thermal properties is proposed in this paper. The heat path in the power module is 

considered as a one-dimensional heat transfer in the model. The method of the parameters 

extraction for the model is given in the paper. With high speed and accuracy, the thermal 

model is suit for electrothermal simulation. The proposed model is verified by experimental 

results. 
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1. Introduction 

 

With the development of the semiconductor manufacture 

technology, the power electronic chips of the power 

modules become high voltage and high power with a 

decreasing of chip size, resulting a increasing power density 

of power modules. Therefore, the junction temperature ( Tj ) 

of the chip is a more and more important parameter for the 

reliability and stability of the power module operations. 

Generally, a limit maximum junction temperature is given 

in the datasheet to keep the operation within the Safe 

Operation Area (SOA). In order to avoid over temperature 

destroy of power modules, a correct junction temperature 

should be achieved. 

The junction temperature Tj is determined by the ambient 

temperature, the power loss of power module, thermal 

resistance from junction to case (Rthjc) and the heatsink 

configuration. Within these aspects above, ambient 

temperature and power loss are dependent on the 

application requirement; thermal resistance is determined 

by structure and materials of power modules. 

Power loss of power modules is mainly dissipated by the 

path from junction to case and then through heatsink to 

ambient. Temperature rise of the junction consists of two 

series parts: one is the temperature rise from junction to 

case which is the product of power loss and thermal 

resistance from junction to case (Rthjc), and the other is the 

temperature difference between case and heatsink which 

mainly depends on the configuration of cooling system. 

Thermal characteristics of power modules are the main 

tasks to simulate in this paper. 

There are two main methods to simulate thermal 

characteristics of power modules: Finite Element Method 

(FEM) and Resistance Capacitance (RC) equivalent circuit. 

FEM is a numeric method simulating the relationship 

between thermal responses and heat resource (power loss) 

by a large number of finite elements. And RC model 

characters the relationship by thermal resistance and 

thermal capacitance. FEM is more accurate than RC model 

but consumes much more time [1]. RC is more widely used 

because it is simple and accomplished easily in general 

circuit simulation software [2]. 

 

 
Fig. 1.  RC thermal model of power modules 

 

Besides, RC model is easy to extend to electrothermal 

simulation [3] of power modules. However, Rthi and Cthi in 

RC model are generally exacted from thermal impendence 

response curve of measurement [4]-[5] or FEM and, 

therefore RC model can't be achieved independently. To 

overcome the drawback of the RC and keep its advantage, a 

thermal simulation model is given in this paper and the 

proposed method is independent. 
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2. Present Thermal Models for the Power Module 

 

Heat transfer consists of three types of process modes: 

heat conduction through a solid or a stationary fluid, heat 

convection from a surface to a moving fluid, net radiation 

heat exchange between two surfaces without any medium 

[6]. Among these three modes, heat conduction plays the 

most important part within heat transfer of power modules. 

 

2.1 Finite Element Method 

 

The finite element method simulates the thermal 

characteristics of power modules by solving heat transfer 

equation of a large number of elements. Therefore, heat 

transfer equation and element meshing are the main parts of 

FEM. 

According to the heat transfer theory, the three 

dimensional heat conduction in a solid is described with 

principle of energy balance and governed by (1) as follows: 
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here, T refers to temperature of the objective, t is the time 

variable, cp, ρ, λ are the specific heat, density and thermal 

conductivity of the material, respectively, and q is heat 

generated in the solid. 

FEM solves (1) for all elements of power modules with 

FEM software after the meshing operation, shown in Fig. 2. 

Nodes of elements are assigned with boundary condition 

and temperature distribution of power modules are achieved 

after solve operation is executed, shown in Fig. 3. 

 

 
Fig. 2.  FEM elements of power module after meshing    

operation 

 

2.2 Resistance Capacitance Equivalent Circuit 

 

RC thermal model considers the heat transfer path from 

chip to baseplate of the power module as a series of 

resistance and capacitance unit. RC models are classified 

into two types: Foster style and Cauer. Foster RC model 

consists of parallel resistance and capacitance unit in series 

and is also called series style, illustrated in Fig. 4. Cauer 

RC model consists of capacitance and resistance unit and 

sub RC model in parallel and is also called parallel style, 

shown in Fig. 1.  

 

  
Fig. 3.  Temperature distribution of power module with 

FEM 

 

 
Fig. 4.  RC model of power modules(Foster) 

 

Generally, RC model is accomplished by fitting the 

thermal impendence curve measured by experiment or FEM 

simulation [4]. For the Foster RC model, the Rthi and Cthi 

are curve fitted by the equation as follows: 
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here, Zthjc refers to thermal impendence from junction to 

case of power modules, τi is the thermal response constant 

of i
th

 RC unit and Rthi, Cthi are thermal resistance and 

thermal capacitance, respectively. It is worth noting that 

Foster RC model is only a mathematic expression of curve 

fitting without any physical meaning. Cauer RC model 

stands for the actual physical mechanical of structure layers. 

Cauer and Foster are used for different applications and 

could be transfer to each other easily [7]. 

FEM gives a high accuracy but consumes time heavily. 

RC model has to get the model parameters from other data 

and lacks of independent. A accuracy method with speed is 

required in thermal simulation and in the optimizing 

process of power modules. 
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3. Principle of the Proposed Method 

 

3.1 One-Dimensional Heat Transfer Theory 

 

Since the thickness is much less than length and width of 

each layer, the heat flow path from chip to case of power 

module can be considered as one-dimensional (1-D) heat 

transfer as Fig. 5, according to the heat transfer theory. The 

thermal resistance of 1-D heat transfer can be calculated by 

the equation as follows: 

 

 = /( ),thR d A   (3) 

 

here d is heat conduct length along the heat flow direction, 

A is effective cross area perpendicular to the heat flow 

direction and λ is thermal conductivity of the material. The 

thermal capacitance of the RC model is calculated by: 

 

 = ,th pC c V  (4) 

 

here cp, ρ are the specific heat and density of the material, V 

is the effective volume of the heat transfer in power 

modules. 
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Fig. 5.  3-D cross section of power modules 

(FS450R12KE4) 

 

For a certain power loss condition, the steady-state 

temperature rise of junction to case and response speed are 

determined by the value of Rth and Cth, governed by (5): 
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where P is the power loss flow from chip to case, produced 

by the electrical operations, Rthjc is the thermal resistance 

from junction to case, τ is a heat transfer time constant 

determined by Rthjc and Cthjc.  

 

3.2 Parameters Determination 

 

It's an important issue to extract A and V in (3) and (4) 

which determine accuracy of the thermal model. As the 

physical dimension of structure layers increases along the 

heat flow direction in the power module, the effective cross 

area from junction to case spread to a larger value of A 

especially in the baseplate (case). According to the heat 

transfer theory, A is determined by the equations: 
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where α is spread angle demonstrated in Fig. 6. And the 

spread angle is governed by the equation as follows: 

 

 1,2 1 2= arctan ( / ),    (8) 

 

and V is the volume of the heat flow through each physical 

structure in power modules, given by the equation as 

follows: 

 

 2 2 2eff effV A d  (9) 
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Fig. 6.  Extraction of A and V for thermal model of power 

modules 

 

 

4. Realization and Verification 

 

4.1 Realization Based on Commercial IGBT Power 

Module 

 

The thermal resistance from junction to case is achieved 

by the present method based on the physical structure of 

commercial IGBT power modules MMG50S120B6TN and 

FS450R12KE4. The parameters d is comes from the 

physical dimensions of the two power modules, and A, V 

are determined by d, α of each layer based on the method in 

Section 3.2. 

As a power electronic module consists of 7 layers of die, 

1st solder, DBCs (copper-ceramic-copper), 2nd solder and 

baseplate copper, shown in Fig. 5, a RC equivalent circuit 

with 7 orders can be achieved for a power module in 

MATLAB m-file. The results Rthi and Cthi are sent to 
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Simulink, demonstrated in Fig. 7 and Table 1. It must be 

noted that each phase half bridge of FS450R12KE4 is 

packaged by three same DBC units in parallel. 

Consequently, results of the power module should be 

divided by 3 after RC model simulation in Fig. 7. 

 

 

Fig. 7.  RC model of a power module from junction to case 

 

Table 1. Thermal resistance and thermal capacitance of 

power modules 

 
FS450R12KE4 MMG50S120B6TN 

Layer 

No.i 

Rthi 

(K/W) 

Cthi 

(J/K) 

Rthi 

(K/W) 

Cthi 

(J/K) 

1 0.0048 0.0232 0.0099 0.00805 

2 0.0233 0.0205 0.0576 0.0081 

3 0.0051 0.1548 0.0117 0.0543 

4 0.0808 0.2061 0.1276 0.04535 

5 0.0042 0.1865 0.0095 0.06645 

6 0.0490 0.0577 0.0784 0.0149 

7 0.0373 2.116 0.0666 0.5926 

 

4.2 Verification by Experiment 

 

A series of experiments are finished by thermal 

resistance test equipments (shown in Fig. 8 and Fig. 9), 

which is based on the principle of Electrical Temperature 

Sensitive Parameters (ETSP) method. The method is 

realized through a sensitive parameter representing the 

relationship between junction temperature and the voltage 

drop across anode and cathode (Vce) of the power module. 

Once a current is applied to the power module, a Vce value 

is measured and the junction temperature is confirmed. It is 

worth noting that the temperature measured is an average of 

the test current of the power module, which is a little lower 

than the maximum junction temperature of the chips. 

The thermal resistances of two power modules are 

measured at the condition as below: Ambient temperature 

Ta=70
o
C, Gate driver voltage Vggon = 15V, Measure 

current Itest = 100mA, Heating current Iheat = 100A and 

30A for FS450R12KE4 and MMG50S120B6TN, 

respectively.  

The measured thermal impendence results of ETSP 

method are shown in Fig. 10 and Fig. 11, the results of the 

proposed method are given simultaneously. The results of 

proposed method agree with the experiment data, however, 

with much less complexity and less time consuming than 

FEM. 
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Fig. 8.  Thermal resistance test equipments 

 

 
Fig. 9.  FS450R12KE4 under test 

 

Thermal characteristics of power modules consists of two 

most important parameters: the steady state thermal 

response characteristic Rthjc, also named thermal resistance, 

and the thermal response time constant τth. Comparisons of 

these two parameters between results of the proposed 

method and the experiment are listed in Table 2.  

Results of the proposed method agree with experiment 

well. The maximum error are 2.7% of Rthjc and 31% of τth. 

And the proposed method is easy to accomplish and much 

less time cost than FEM. 

The RC model might be extended to electro-thermal 

model in any circuit simulation software easily only with a 

electrical-thermal interface. Power loss and chip 

temperature are the two parameters required in the interface. 

The nonlinearity effect of temperature on thermal model 

can be taken in by dividing each layer structure into several 

sublayers with uniform temperature internally. 
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Fig. 10. Comparison between the proposed method and 

experiment for MMG50S120B6TN 
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Fig. 11. Verification of the proposed method of 

FS450R12KE4 

 

Table 2. Comparison of thermal resistance and thermal 

response constant time 

Power 

Module 

Thermal resistance 

(K/W) 

Thermal response 

time constant (ms) 

Exp 
Proposed 

method 

Error
a
 

(%) 
Exp 

Proposed 

method 

Error 

(%) 

MMG50S1

20B6TN 
0.342 0.335 -2 26.7 35.0 +31 

FS450R1

2KE4 
0.0667 0.0685 +2.7 64.5 71.5 +11 

a
 Relative error of results of the proposed method to that of 

experiment 

 

 

5. Conclusion 

 

Based on physical dimension and thermal properties of 

material in power modules, a thermal model is proposed 

and analyzed. The thermal model provides a junction 

temperature estimation method for electro-thermal 

simulation of power modules with high speed and accuracy. 

Nonlinearity effect of temperature on thermal resistance can 

be taken into the proposed method if necessary. Both steady 

and transient states are verified by experiment. 
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