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Abstract 

This paper presents the novel method and program for reconstruction of the thermal impedance in the heat source 
based on the IR radiation measurement on the surface of an electronic device. In this approach, temperature is measured 
after applying power pulse to the element. The thermal modelling of an electronic device is used. Automatic synchronization 
of temperature measurement and power excitation is available in developed controller. The results from the program 
IRTherm are compare with the results obtained from the Finite Element Method in a commercial simulation software. Heat 
transfer is modelled using thermal-electrical analogy by Foster and Cauer networks consisting of thermal resistances Rth 
and capacitances Cth. The results are presented as the thermal impedance in the frequency domain (the Nyquist plot) and 
thermal time constant distribution. 

1. Introduction  

The transient thermal modelling is now very important for various field of science and technology. It is used in 
many practical applications [1-4]. Different methods are available for thermal characterization of multilayer structures. 
Modelling using Finite Element Method (FEM) is very popular for solving thermal problem in the time domain. The main 
requirement of FEM method is the high computational power. Having temperature response and power excitation, the 
inverse thermal modelling leads to the identification of a thermal multilayer system. There are various method available for 
system identification, such as the Network Identification by Deconvolution (NID), the Continuous-time System Identification 
(CONTSID), the Vector Fitting (VF), the Computer-Aided Program for Time-series Analysis and Identification of Noisy 
Systems (CAPTAIN) and Transfer Function Estimation (TFEST) implemented in MATLAB environment [5-20]. 

In this paper one shows a novel software tool for the reconstruction of the thermal impedance in the heat source 
of the tested object based on the IR radiation measurement. It calculates Nyquist plot of thermal impedance in the 
frequency domain and thermal time constants spectrum. 

2. 1D analytical and numerical models 

1D analytical thermal model of a transistor is based on the 6-layers structure consisting of the epoxy enclosure, 
the silicon transistor layer, the cooper substrate, the thermal interface layer (thermally conductive grease), the heat sink 
transferring heat to the ambient and substrate as presented in Figure 1. The substrate layer is place where the heat sink 
is in the contact with the base (holder for tested object). Adding n6 layer simplified temperature modelling in the steady-
state. 

 

 

 

 

 

 

 

Figure 1. 1D analytical thermal model 
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 For each layer is described by the Fourier-Kirchhoff heat transfer equation (1) 
 

 𝑘𝑖
𝜕2𝑇(𝑥,𝑡)

𝜕𝑥2
− 𝑐𝑣𝑖

𝜕𝑇(𝑥,𝑡)

𝜕𝑡
= −𝑞𝑣𝑖 (1) 

 

 where ki – thermal conductivity of i-th layer (W/mK), cvi= ρicpi  – specific heat per volume unit (J/m3K). 
 

 The analytical model is presented in frequency domain (2) by using Laplace transform, for s = j [22].  
 

 𝐿𝑖
2(𝑗𝜔)

𝜕2𝑇(𝑗𝜔)

𝜕𝑥2 − 𝑇(𝑗𝜔) = −
𝐿𝑖

2(𝑗𝜔)

𝑘𝑖
𝑞𝑣𝑖 (2) 

 

where power density is qvi (W/m3) and diffusion length Li(m) for i-th layer is  expressed as:  
 

 𝐿𝑖(𝑗𝜔) = √
𝑘𝑖

𝑗𝜔𝑐𝑣𝑖
  (3) 

 

 Analytical solution of (2) in the Laplace domain for i-th layer can be presented as: 
 

 𝑇(𝑥, 𝑗𝜔) = 𝐴𝑖𝑒
−

𝑥

𝐿𝑖 + 𝐵𝑖𝑒
𝑥

𝐿𝑖 +
𝐿𝑖

2

𝑘𝑖
𝑞𝑣𝑖 (4) 

 

 Flux continuity at the front and bottom surfaces (convective cooling) are defined as in (5) and (6). 
 

 −𝑘1
𝑑𝑇1(0)

𝑑𝑥
= ℎ𝑓𝑟𝑜𝑛𝑡𝑇1(0) (5) 

 

 −𝑘5
𝑑𝑇1(0)

𝑑𝑥
= ℎ𝑏𝑜𝑡𝑡𝑜𝑚𝑇6(𝑑6) (6) 

 

where d6 is the thickness of the 6-th layer (substrate). 
 
Temperature is then calculated by solving the set linear equations formulated by the 6 relations (4) with 

temperature in each layer as the unknown variable. 
At last, the thermal impedance is calculated using temperature in a power device and takes the form of Nyquist 

plot as: 
 

 𝑍𝑡ℎ(𝑥, 𝑗) =
𝑇2(𝑥,𝑗)

𝑃(𝑗)
 (7) 

 

where T2 is the mean temperature in the silicon layer.  
  
In order to confirm the correctness of the analytical model, the alternative 1D numerical FEM model was 

elaborated to get temperature in the transistor’s junction [23]. The resulting mesh gives 213 degrees of freedom. It is a 
very time-consuming task and it lasts about 200 minutes. The FEM model was done on Core i7-9750H with 24GB RAM 
and NVMe SSD disc. In comparison with the analytical model implemented in MATAB, the run time of the simulation is a 
few seconds. 

 
The materials parameters of the transistor structure layers chosen for the simulations are presented in Table 1.    

Table 1.The material properties of transistor structure used for modelling 

Layer no. Layer Thickness (m) 
Thermal 

conductivity 
(Wm-1K-1) 

Density (kg/m3) 
Heat capacity 

(Jkg-1K-1) 

n1 case 3.1e-3 1.2 950 1000 

n2 die 300e-6 148 2330 720 

n3 metal substrate 1.275e-3 237 2700 950 

n4 thermal interface (grease) 0.4e-3 4 2500 800 

n5 heat sink 4.5e-3 237 2800 950 

n6 substrate 0.1e-3 58 7900 500 
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3. IRTherm program for estimation thermal impedance of power electronic devices  

In this research, the novel IRTherm program is developed in the MATLAB environment. The IRTherm program is 
used to analytical modelling of the multilayer structure. This program has the graphical user interface to present data in 
graphical or text format for further analysis, as shown in Figure 2. The program layout is user friendly, the functions are 
activated by buttons and results are shown graphically by plotting curves or numerically in tables.  

The exemplary research were performed for NPN bipolar power transistor BD911 with the heat sink. The analysis 
starts with registering temperature in time by measuring IR radiation using the IRTherm program (Measurement – blue line 
in Figure 2) The radiation measurement data are registered using the developed controller [21]. 

 

 
Figure 2. IRTherm program main window in Matlab environment 

Next step is matching geometrical and thermophysical data in model so that modelled temperature curve 
coincides with the radiation measurement. The used data are shown in Table 1. 

 
After the measurement, the models are tuned to fit the simulated and measured temperature curves on the outer 

surface of the tested element. Then, the layer number n in the models is changed to die layer (n2 = 2). The parameter 

named Layer point is set to the middle point of the silicon die. The user can set values from 0 to 300 m to enable 
observation at any point in die layer. Finally, the function Run can calculate temperature in the heat source as it is presented 
in Figure 2 brown line. Finally, the program calculates Nyquist plot of thermal impedance in frequency domain and thermal 
time constant spectrum.  

4. Results 

The obtained results are the temperature curves (Figure 3,4), the thermal impedance of Nyquist plots (Figure 7,8) 
and time constant distributions (Table 2). The temperature curves are shown on the outer side of transistor’s case (Figure 
3,4), and in the transistor junction (Figure 5,6). 
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Figure 3. Temperature on the outer side of the transistor’s case: blue line – simulation result from MATLAB, 

brown line – simulation result from COMSOL 

 
Figure 4. Temperature on the outer side of the transistor’s case in logarithmic scale: blue line – simulation 

result from MATLAB, brown line – simulation result from COMSOL 

 
Figure 5. Temperature in the transistor junction: blue line – simulation result from MATLAB, brown line – 

simulation result from COMSOL 
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Figure 6. Temperature in logarithmic scale in the transistor junction: blue line – simulation result from MATLAB, 

brown line – simulation result from COMSOL 

 
Figure 7. Nyquist plot on the outer side of the transistor’s case: blue line – simulation result from MATLAB, 

brown line – simulation result from COMSOL 

 
Figure 8. Nyquist plot in the transistor junction: blue line – simulation result from MATLAB, brown line – 

simulation result from COMSOL 

Table 2. Values of thermal time constants and thermal resistances in the die 

 IRTherm COMSOL 

No. , (s) Rth, (K/W) , (s) 

1 0.0030 0.0046 0.001412 

2 0.0947 0.0022 0.008318 

3 0.2673 0.0564  

4 0.4116 0.0563 0.40738 

5 2.8090 0.0134  

6 109.1950 11.0491 109.6500 

10.21611/qirt.2020.161



 

15th Quantitative InfraRed Thermography Conference, 6 – 10 July 2020, Porto, Portugal 
 

 

 6 
 

5. Discussion and conclusions 

The comparison of analytical and FEM models for inverse thermal modelling of power electronic devices is shown 
in this paper. Both models are built with the same geometrical, thermophysical parameters and boundary conditions. 
However, the method of calculating the results is different. Also, computation times are different. The analytical model in 
IRTherm program is very fast compared to FEM model. The thermal impedance from FEM method is calculated using 
commercially available software for thermal object characterization based on Network Identification by Deconvolution (NID) 
technique [5]. In turn, the thermal impedance from IRTherm is calculated using Transfer Function Estimation (TFEST) 
implemented in MATLAB. It can be noticed that temperature curves on the outer enclosure surface of the transistor’s case 
(Figure 3,4) and in the junction (Figure 5,6) coincide with each other. The temperature curves are very good matched also 
at the beginning. It agrees very well with high angular frequency part in the Nyquist plot (Figure 7, 8). Referring to time 
constant values, it can be concluded that one thermal time constant is significant in both models, i.e. the longest time 

constant 6. The amplitude values of thermal time constants have significant information’s. The high value of amplitude 
means that component in the equation of the temperature approximation have significant contribution. Moreover, it 
influences the transient temperature curve more. The longest thermal time constant is associated with low angular 
frequency. It depends mainly from convection. Shorter thermal time constant related to construction of the tested object. 

Finally, it can be concluded that two thermal time constants 4 and 6 may be considered for quantitative analysis. The 

thermal time constants 1, 2, 3 and 5 have small amplitude values, so contribution in temperature approximation is 

insignificant. The thermal time constant 3 should be also discussed. The new method based on TFEST function calculated 

its value. The NID technique is used to thermal impedance from FEM model. As a result 3 is not calculated. The reason 
is another way of calculating thermal time constant τ in both models. In NID technique continuous thermal time constant 
distribution is calculated, while using TFEST function one can obtain the discrete form of this distribution.    
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