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ABSTRACT   

This paper proposes a new method to develop a thermal model of an insulated gate bipolar transistor (IGBT) employing 
an optical fiber sensor mounted on the chip structure. Some features of the sensor such as electromagnetic immunity, 
small size and fast response time, allow the identification of temperature changes generated by the energy loss during 
device operation through direct measurement. In fact, this measurement method is considered impossible with 
conventional sensors. The online monitoring of the junction temperature enables identify the thermal characteristics of 
the IGBT. The results are used to develop an accurate model to simulate the heat generated during the device conduction 
and switching processes. The model showed a difference of only 0.3% between measured and simulated results, besides 
allowing evaluate separately the heat generated by each turn-ON/OFF process.  
 
Keywords: IGBT thermal model, semiconductor junction temperature, thermal analysis, optical fiber Bragg grating 
sensor. 
 

1. INTRODUCTION  

 
Power semiconductor devices, especially IGBTs have been widely used in the application of electric motor drives, 
switching supplies, and other power conversion systems [1] [2]. To meet the power demand of such applications, 
advances technology in terms of materials and manufacturing techniques, have enabled the development of power 
semiconductor devices capable of operating at switching frequencies and current densities ever higher. Consequently, 
variations in voltage and current through the IGBT will also increase [2]. This has a direct impact on the dynamic 
performance of the devices, affecting the power losses and consequently raising the temperature of operation, because 
losses are dissipated as heat [3].  
The design of power electronic circuits requires accurate information about the junction temperature of the switch to 
determine its performance, life-time, and reliability, given the temperature influence on the semiconductor characteristics 
[3] [4] [5]. Several dominant physical parameters associated with semiconductor devices are sensitive to temperature 
variations causing their dependent device characteristics to change dramatically [4] [5]. Among the most important of 
these parameters can be highlighted: the minority carrier lifetimes, the hole and electron mobilities, the free-carrier 
concentrations and intrinsic carrier concentration. Particularly the IGBT has two additional temperature dependent 
parameters, the MOS-gate threshold voltage and MOS-channel transcondutance [5], which leads to variations in 
temperature causing changes in the voltage and current waveforms of the IGBT, altering the power losses. Thus, the 
performance analysis of an IGBT must always be associated with its operating temperature [5] [6]. 
The online monitoring of IGBT temperature is very useful for enhancing the reliability, cost effectiveness and 
performance of the power electronic system [1] [6]. However, it is difficult to obtain the actual junction temperature 
since it cannot be measured directly by conventional sensors, because of the limited space and electromagnetic 
interference generated by the switching frequency (in the range of kHz) [1] [4] [6]. An alternative has been the use of 
thermal models developed from indirect measurements. In this type of measurement the sensor is in contact with the heat 
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sink, and the junction temperature is estimated by using a thermal calculation that considers all the layers that form the 
IGBT module. Although it has achieved significant results, this method is complex and presents a high level of 
uncertainty, because it requires a great knowledge about the materials’ characteristics that make up the layers of the 
IGBT module [3] [7]. 
In this paper a new technique to directly monitor the junction temperature of the IGBT under transient condition is 
presented. The measurement relies on an optical fiber Bragg grating sensor positioned on top of the IGBT [8]. Due to the 
sensor’s electromagnetic immunity and fast response time (order of microseconds), direct measurement can be done 
reliably [9] [10]. In addition to the online monitoring, the sensor can identify the thermal characteristics of IGBT 
structure, facilitating the development of accurate models to simulate the heat generated during switching and conduction 
processes [7] [11]. In comparison with other techniques based on indirect measurements [1] [7] [11], which show errors 
differences between measurements and simulations ranging from 10% and 20%, this new technique showed a difference 
of only 0.3%, approximately.  
 

2. EXPERIMENTAL SETUP AND METHODOLOGY 

The IGBT module SK45GB063, manufactured by SEMIKRON, is used for the analysis described in this paper. The 
IGBT operation can be defined, in brief, as a switch driven by voltage. To put the device in operation mode, it simply 
polarizes the positive collector terminal (c+) relative to the emitter terminal (e-). Thus, applying a positive voltage on 
gate terminal (g), the device will switch to the on state (turn-ON) when the voltage at the gate exceeds the threshold 
voltage. The IGBT switches to off (turn-OFF) when the cut-off voltage of the gate terminal (g). A test circuit with a 
resistive load, as shown in Figure 1(a), was implemented to drive the IGBT module (DUT – Device Under Test). In this 
circuit, a function generator that provides the signal for the gate can control the pulse width, and by changing the voltage 
Vcc it is possible to change the load current. The shunt resistor R (0.01 Ω) is used to measure the current through the 
DUT. The resistive load keeps a fixed value of current Ic during the IGBT conduction state. The idea is to maintain the 
same power dissipation and measure the resulting change in temperature [8]. The junction temperature is monitored by a 
fiber Bragg grating sensor placed inside of the module, in direct contact with the IGBT wafer, as shown in Figure 1(b). 
In order to assemble the temperature sensor the top lid of the module case was removed and the sensor was fixed by a 
mineral oil that also improves the thermal contact between the sensor and the IGBT. An optical interrogator 
(FiberSensing Industrial BraggSCOPE – FS2500) that transmits online information to a computer is used to interrogate 
the fiber Bragg grating sensor. 
 
The junction temperature variation ∆Tj  (equation 1) depends on the power dissipation and thermal impedance Zth of the 
structure, which defines the heat flow through the device as a function of time [4] [7]. The function Zth(t) (equation 2) is 
defined by the thermal resistances and capacitances, Rth and Cth, respectively, and these are material characteristics [7]. 
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3. RESULTS AND DISCUSSION 

To obtain the experimental results, a test was carried out driving the IGBT with the following parameters: bus voltage 
Vcc= 50 V, colletor-emiter voltage in conduction state Vce= 1,7 V, collector current Ic= 1.3 A, and pulse width of 20 
seconds, as shown in Figure 2(a). As can be seen, the presence of Vce and Ic causes a power dissipation equal to 1.98 W 
during the conduction state, while at the same time the junction temperature was monitored by the FBG placed in direct 
contact with the structure. The curve ∆Tj of Figure 2(a) shows the heat generated by conduction losses, where the 
maximum variation was 1.26 °C. It can also be observed that the peak power generated by the ON-OFF switching losses 
(turn-ON at t=4 s and turn-OFF at t=24 s) is not detected by the sensor. This is because of the interrogator acquisition 
rate, which is limited to 2 kHz, and a 2 MHz sampling rate is required for such a measurement [8]. Another fact is that 
the low energy dissipated during the switching process is not sufficient to sensitize the sensor (further demonstrated 
through model simulation). However, by using these results (Figure 2(a)) and equations 1 –  2, it is possible to obtain the 



 
 

 

 

thermal impedance curve of the structure shown in Figure 2(b). The thermal characteristics of the structure can be 
obtained by doing a best-fit of the curve, where the maximum value in steady state is thermal resistance Rth given in 
°C/W, and the time constants of transient state determines by equation 3 the thermal capacitance Cth in J/°C [7]. The best 
fit found was the second-order exponential (equation 4), where values obtained were Rth=0.65 °C/W, Cth1=1.13 J/°C and 
Cth2=9.73 J/°C. The two thermal capacitance values are considered to obtain an accurate model of the IGBT thermal 
behavior, because the thermal impedance curve (Figure 2(b)) obtained in experimental testing showed two time 
constants. 
 
 Cth = τ /Rth
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The obtained parameters were used to design an RC model that allows simulation the heating of the junction in the 
IGBT, as shown in Figure 3. The second order dependence can be justified by making a comparison with the model 
proposed by Ciappa et al.[7], where the structure of the silicon is also represented by a second order model, because the 
thermal impedance was obtained by direct measurement between the structure and the sensor, considering only the 
silicon characteristics. So the other layers of the module, as welding, copper and encapsulation can be neglected, 
facilitating the development of the model.  
The model validation was done comparing measured, Figure 2(a), and simulated results of the same experimental 
procedure. As it can be seen in Figure 4(a), there is a great similarity between the simulation and the measured response 
by the optical fiber sensor. This shows that the model can accurately reproduce the temperature variation that occurs at 
the junction of the IGBT due to the losses. Another dynamic test was performed by applying bus voltage Vcc= 100 V, 
with a pulses sequence of 500 ms. The comparison between simulation and measurement is shown in Figure 4(b), where 
the maximum difference is only of ± 0.02 °C, which represents a discrepancy of approximately 0.3%. This result shows a 
significant reduction of difference between measured and simulated results, when compared to other techniques, that use 
conventional sensors installed in the heat sink and present a minimum difference of 10% [3] [7]. Another important point 
is that largest difference between simulation and measurement, concerns the fall in temperature (Figure 4(b)). This is 
because the model parameters were obtained through the thermal impedance curve by applying a fixed power (when the 
IGBT temperature is rising (Figure 2)), which explains the great similarity in peak temperature.  
 
Although the monitoring system is not able to indentify the temperature variation caused by the power peaks of ON-OFF 
process due to the rate of acquisition of the optical interrogator and the small amount of energy dissipated in these 
processes, the thermal model can be used to simulate the heating generated by each switching process. This was verified 
by simulating the same power peak generated during the processes of turn-ON and turn-OFF in test of Figure 2(a). 
Figure 5 shows the detail of these transition intervals, where the turn-ON and turn-OFF processes are shown in 
Figure 5(a) and Figure 5(b), respectively. As can be seen, the presence of voltage Vce and current Ic levels during 
switching processes causes a power peak, resulting in switching losses.  
 
The same peak power obtained in the experimental testing (Figure 5) was replicated in the simulation model to estimate 
the heating for each switching process. The simulation results for turn-ON and turn-OFF process are shown in figures 
6(a) and 6(b), respectively. As can be seen, the energy dissipated in the turn-ON process causes a temperature variation 
of approximately 0.017 °C. In the turn-OFF process, due to higher energy dissipation (topology characteristic of the 
IGBT used [4] [5]), the temperature variation is approximately 0.021 °C. These results show that even with a high 
acquisition rate, analyzing the peak generated by each transition may present several difficulties due to small variations 
in junction temperature. However, through the model can evaluate separately the contribution of turn-ON and turn-OFF 
losses on the total heating device. This feature can be of great importance in the design of heat sinks and temperature 
controllers, because the energy dissipated in the switching processes accumulates and may cause the device junction 
temperature reaches above 150 °C for frequencies in the order of kHz [12]. The operation in these temperature ranges 
may affect the stability and efficiency of the IGBT, and there is also the possibility of permanently damaging the device 
[3] [4]. 
 
 



 
 

 

 

 

4. CONCLUSIONS 

The use of a fiber Bragg grating positioned over the IGBT structure provides a new method to directly monitor the 
temperature changes due to the device losses, a feature that was considered impossible in recent literature [1] [2]. 
Although the acquisition rate of the optical interrogator did not allow identifying the heat generated by each switching 
process, sensor measurements during pulses of long duration provided enough results that were the basis to identifying 
the thermal parameters of the IGBT structure. Such parameters were used for designing of a second order RC model, 
which allow the accurate simulation of the thermal behavior due to the losses in the device, with a discrepancy of about 
0.3 % compared the measurements. The RC model also allowed us to estimate the heat generated by each ON-OFF 
transition. The thermal model can be applied in design of power converters systems, where the analysis of the switching 
processes helps in choosing the best IGBT technology to be applied in the circuit. An accurate thermal model also 
facilitates the design of heat sinks and temperature control systems, which helps to ensure maximum efficiency in energy 
processing, preventing the temperature variation influences the switching losses. 
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LEGENDS 

 
 
Figure 1 – System setup. (a) Diagram of the DUT test circuit. (b) Position of the optical sensor inside the IGBT module SK45GB063 
for online monitoring of the junction temperature. 

 
 

Figure 2 – Test results. (a) Waveforms Vce, Ic, power dissipation and junction temperature change for the experimental test with 
resistive load. (b) Thermal impedance of IGBT structure. 
 
Figure 3 – IGBT RC thermic model. 
 
Figure 4 – Comparison between measured and simulated results. (a) Temperature variation of the IGBT applied Vcc=50 V and pulse 
of 20 seconds. (b) Temperature variation of the IGBT applied Vcc =100 V with pulse sequence of 500 ms. 
 
Figure 5 – Detail of Vce and Ic waveforms, and power dissipation during the switching processes of the test with Vcc=50 V and 
RL=33 Ω. (a) Time interval of the turn-ON process. (b) Time interval of the turn-OFF process. 
 
Figure 6 – Simulation results of the heat generated by the switching processes of the test with Vcc=50 V and RL=33 Ω. (a) turn-ON 
process. (b) turn-OFF process. 

 


