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SYNOPSIS: Power modules are one of 

the least reliable components in electrical 

systems functioning in harsh 

environments. Lifetime estimation of the 

modules has become a critical issue. The 

study case under focus is of a power 

supply for a particle accelerator system. 

The mission profile has an application 

specific pattern and it is irregular. An 

electro-thermal model using PLECS 

toolbox has been implemented to 

determine the junction temperature of the 

chips. Rainflow analysis has been 

employed to identify the mean and 

temperature swings of each cycle. An 

analytical lifetime estimation model based 

on the Coffin-Manson law considering 

both the average and temperature ranges 

is used. With Palmgren Miner rule the 

damage produced on the transistor is 

quantified. Lifetime predictions are made 

for three scenarios on a part of the 

mission profile. 
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1. Introduction 

1.1. Background 

Reliability, cost and time to market are the three main constraints of any product [1]. According to 

an industry-based survey in 2009 the converter is one of the most unreliable components of 

electrical systems that are operating in harsh environments [2]. The system reliability can be 

improved if the converter is replaced before it fails. Thus, the lifetime estimation of power 

converters is a critical issue. 

In order to determine the reliability of a product tests have to be performed on the component under 

different loading conditions. For the case of IGBT devices testing under normal operating 

conditions is impractical, costly and is requiring long time to market, as their life is relatively long. 

To overcome these aspects accelerated life testing (ALT) is used for determining their reliability 

and estimation of lifetime expectancy. By using this testing methodology the devices under test are 

subjected to more severe environmental conditions than the normal operating conditions in order to 

induce failures in a shorter period of time. The results are then analyzed to assess the reliability, 

lifetime expectancy and degradation of the component under normal operating conditions [1]. 

Accelerated life testing on IGBTs is performed with thermal and power cycling testing setups [3]. 

Other lifetime prediction models are the analytical ones. Analytical lifetime models estimate the life 

of an IGBT power module in terms of number of cycles to failure considering different factors like 

temperature swing, average temperature, bond wire current and frequency. The problem with these 

models is to accurately identify, extract and count the cycles from the junction temperature profile. 

The most commonly used cycle counting method for accurately extracting thermal cycles within the 

temperature profile is the Rainflow analysis. The analytical lifetime modeling is done with the use 

of Palmgren Miner rule. It assumes that each identified thermal cycle produces some degree of 

damage on the IGBT and thus it contributes to the life consumption of the device [3]. 

Within this project an analytical model will be used for estimating the lifetime of the IGBT power 

modules. 

1.2. Study case 

The study case of the project is about a converter designed for an accelerator particle used for 

chemo treatment. The power supply under focus is considered as a 2 quadrant dc chopper topology 

that functions in the 1
st
 and 4

th
 quadrant with a series RL that models a magnet, as it can be seen in 

Figure 1 [4]: 
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IV
io

vo
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Figure 1 Single phase H-bridge converter topology [4] 
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The main parameters of the converter are summarized in Table 1: 

Table 1 List of main parameters of the converter [source Danfysik] 

Parameter Value Measure 

VDC 400 V 

fsw 17800 Hz 

R 0.112 Ω 

L 0.135 H 

The power module used within the H-bridge converter is DF1400R12IP4D from Infineon. Its 

datasheet is attached in Appendix A. The typical application of the power module is as a chopper 

and it includes an IGBT transistor and two diodes as it can be seen in Figure 2: 

 
Figure 2 The DF1400R12IP4D IGBT power module [5] 

The main parameters of the power module provided in the datasheet [5] are listed in Table 2: 

Table 2 Main parameters of DF1400R12IP4D IGBT power module [5] 

Parameter Symbol Value 

Collector-emitter voltage VCE 1200 V 

Collector current ICnom 1400 A 

Total power dissipation Ptot 7.7 kW 

IGBT thermal resistance, junction to case (max) RthJC 19.5K/kW 

IGBT thermal resistance, case to heatsink (typ) RthCH 9.30K/kW 

IGBT turn on switching losses (@ 312.5 A, 25°C) Eon 11 mJ 

IGBT turn off switching losses (@ 312.5 A, 25°C) Eoff 67 mJ 

IGBT conduction losses (@ 312.5 A, 25°C ) Pcond 315 W 

The power modules are modeled using discrete semiconductor devices. In the real application 

because of the high current demand (1250 [A]), T1 and T4, which enclose the main current path, are 

implemented using 4 paralleled power modules. T2 and T3 locations contain a single module. The 

current profile flowing through the load has the standard pattern depicted in Figure 3.  

1 – 30

20

1145

121

t [s]

1250

Io [A]

0

 
Figure 3 Pattern of the current across the load (not to scale) [source: Danfysik] 
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The application requires that the current always starts at 20A, goes until 1250A all the time (this 

increase is called ‘chimney’) and returns to 20A, so that the electromagnetic field stays the same on 

the magnet. The levels of current in between may vary. Also the length of a cycle is variable and it 

can last between 1 and 30s. Because there are 4 modules in parallel, in the simulation the current is 

divided by 4. 

1.3. Motivation 

Due to high variation of the load current, the IGBTs are subjected to large temperature swings. The 

inside material layers of power modules have different thermal expansion coefficients and when 

exposed to temperature swings micro-movements are taking place between the layers. The thermo-

mechanical stresses are affecting primarily the soldering and the wire bonding [6]. With time this 

process called fatigue leads to failure. 

Figure 4 depicts the internal structure of a typical multilayer IGBT power module and the 

coefficients of thermal expansion (CTE) for the most common layer materials. It can be seen that 

aluminum has a much higher CTE than silicon, followed by copper. The critical fatigue-related 

areas are considered to be the solder and the boundary between Al bonding wires and Si chips [6].  

Al wire

Si chip

Cu

Cu

DCB ceramic (Al2O3/AlN)

Base plate (metal)

Heat sink

Solder

Solder

Thermal paste

Al Si Cu Al2O3 AlN
0

5

10

15

20

25
23.5

 2.6

17.5

 6.8

 4.7

Coefficient of thermal expansion

p
p

m
/C

 

Figure 4 Internal structure of a typical multilayer IGBT power converter module (left) [6] and  

Coefficients of thermal expansion for material layers inside the IGBT power converter [3] 

. The most common fatigue-related failure mechanism and causes are summarized in Table 3: 

Table 3 Wear-out failure mechanisms and causes of power converters [7] 

 Failure mechanisms Failure causes 

Wear out 

failures 
 bond wire lift-off 

 solder fatigue 

frequent thermal cycling and 

difference in thermal 

expansion coefficients  

(TEC) of material layers 

 degradation of thermal 

grease  

ageing 

 fretting corrosion at 

pressure contacts  

vibration or difference in 

TEC 

 tin whiskers compressive mechanical 

stress 
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Also, it has been noticed in wind turbines applications that at low frequency the junction 

temperature on the IGBTs and diodes follow the pattern of the current and so, resulting a 

temperature variation as it is shown in Figure 5: 

 

∆Tj 

Diode

∆Tj 

Transistor

 

Figure 5 For the Doubly Fed Induction Generator topology: Grid-side converter: junction temperature on the 

IGBT and diode chips at 50Hz (left) and Generator-side converter: temperature junction on diode and IGBT 

chips at 1 Hz (right) [7] 

The mission profile of the power modules, i.e. loading current was provided by Danfysik and it was 

noticed that it has a variable low frequency. It is expected that the junction temperature will follow 

the current pattern similar to the case presented in Figure 5. 

1.4. Methodology 

Figure 6 shows the steps of the analytical model that has been decided to be used for determining of 

the remaining fatigue life of the power modules: 
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Figure 6 Flowchart of remaining fatigue lifetime determination of the of IGBT power modules 

An electro-thermal model of the H-bridge converter will be implemented using PLECS toolbox so 

that by feeding the current profile into the model, the junction temperature of the IGBTs and diodes 

will be estimated. As mentioned before, the junction temperature is expected to have a very similar 

pattern to that of the current. Once the junction temperature is obtained Rainflow cycle counting 

will be performed on this irregular signal in order to identify regular cycles inside. 

The lifetime characteristic of power modules that uses PrimePack packaging technology is available 

[8]. The characteristic is fitted with Coffin Manson law in order to find out a module-related 

coefficient. The resulting coefficient is used to estimate the number of cycles to failure 

corresponding to each temperature difference and mean temperature of the cycles identified with 

Rainflow analysis from the junction temperature profile. 
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The Palmgren Miner law considers that each stress cycles (in this case temperature) identified with 

Rainflow technique has a contribution on the overall damage and the damage accumulates linearly. 

By knowing the overall damage the remaining fatigue lifetime can be estimated (i.e. to how many 

repetitions of the loading history sequence can the power module be exposed to). 

In order to make lifetime predictions three cases are simulated. The first simulation is performed 

with the received current profile at an arbitrary water temperature of Twater=21°C. Afterwards, in 

order to check the influence of the chimney on the junction temperature and to see how it affects the 

lifetime of the power module the chimney will be removed.  

As Coffin-Manson law takes into consideration also the effect of the mean temperature and in order 

to point it out, another simulation will be performed with an increased water temperature of 

Twater=80°C. This scenario corresponds to the case when due to the degradation of thermal paste, the 

contact between baseplate and heatsink is not uniform anymore and the thermal resistance will 

increase. 

1.5. Limitations 

 Due to computational power limitations the model could not be verified by the use of the 

whole mission profile until failure. The thermo-electrical model requires long time to run 

and big resources, due to the fact that it performs many computations.  

 The temperature of the water that it is used in the power cycling setup by Danfysik is 

unknown. An arbitrary value of Twater=21°C has been chosen for its normal operation and 

Twater=80°C to simulate the best and worst case scenarios. 
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2. System modeling 

The lifetime of IGBT power modules depends strongly on the junction temperature. During normal 

functioning of the converter power modules are subjected to a high variation of the loading current 

that will generate junction temperature swings. These fluctuations stress the wire bonding and die-

attach solder and lead to failure. Before looking into the recorded data of the real functioning 

conditions of power modules the converter behavior will be simulated and observed considering a 

repetitive constant pattern of the current. The purpose is to have an idea about the expected 

temperature that the power module will reach and its oscillations. Thus, in the following chapter an 

electro-thermal model for determining the power loss and junction temperature of the power 

module will be implemented using Simulink and PLECS toolboxes.  

2.1.  Converter principle of operation 

The converter operates in quadrants I and IV, i.e. voltage may have both positive and negative 

polarity, while the current is only positive.  

When T1 and T4 are switched on both the output voltage and current are positive. Power is taken 

from the source and fed into the load. This operation takes place in the first quadrat.  

When T1 and T4 are switched off, the output voltage becomes negative and diode D2 and D3 are 

forward biased. The energy stored in the inductor will maintain the output current positive [4]. 

The conductive elements are indicated with red color in Figure 7: 

+ -
vo = VDC vo = - VDC

- +

I I

VDC

T1

T2

T3

T4

D1

D2

D3

D4

R L
VDC

T1

T2

T3

T4

D1

D2

D3

D4

R Lio io

 

Figure 7 Operation of an H bridge converter in quadrat I and IV [4] 

2.2. Converter modeling 

The main steps for obtaining the junction temperature are presented in the flowchart depicted in 

Figure 8: 

io [°C]

t [s]

Mission profile 

(measured)

iREF(t)

Vblock

H-bridge

Pcond

Esw

Tj

Von

Ion

Device power loss model

Pcond Esw

Thermal model

Junction 

temperature

 
Figure 8 Flow chart of obtaining the junction temperature in PLECS 

Each step from the flowchart will be described in the following sub paragraphs and finally the 

results will be presented. 
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2.3. Electrical circuit and controller design 

The converter topology, function and parameters have been presented in the introduction and 

Section 2.1.The H-bridge was simulated using ideal components from PLECS toolbox. The 

switches are PWM controlled and the whole procedure of control is depicted in Figure 9: 

t [s]

io [A]

H-

Bridge

RL LL

+
-

≥ 

≤ 

NOT

NOT

4

t [s]

1

0

IGBT 1

IGBT 2

IGBT 3

IGBT 4 PI

 
Figure 9 Closed loop control of the H bridge converter 

The measured current from the RL load is compared against the current pattern presented in the 

introduction chapter. The resulted error is fed into a PI controller for minimising it and the output 

voltage signal is compared with a carrier signal in order to generate the PWM and fed it into the 

gates of the transistors. 

The PI controller has been chosen in order to reach zero steady state error. When tuning the 

coefficients of the controller the same procedure was followed as in the case of the inner current 

control loop in control of electrical drives based on optimum modulus criterion [9]. This type of 

control is used for systems that have a dominant time constant and other minor time constants. Its 

purpose is to cancel out the dominant time constant and increase the speed of the system. The block 

diagram of the PI controller, an approximation of a delay introduced by the sampler, the gain of the 

inverter and the RL load is shown in Figure 10: 

PI

controller

Delay 

approximation RL load+_
iref

voerr

io

Inverter

gain

d io

 
Figure 10 Block diagram of the H bridge converter 

The transfer function of the PI controller is given by Eq. ( 2-1 ): 

    ( )     
  

 
     (

      

    
) Eq. ( 2-1 ) [9] 

The delay is approximated to a time constant Td equal to half of the switching period: 

       ( )  
 

      
 Eq. ( 2-2 ) [9] 

where: 
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 Eq. ( 2-3 ) [9] 

The RL load is modelled as a first order plant with the time constant:     ⁄ :  

      ( )  
 

 
 

 

     
 Eq. ( 2-4 ) [9] 

The open loop transfer function of the system is: 

    ( )     (
      

    
)  (

 

      
)  (

 

 
 

 

     
) Eq. ( 2-5 ) 

In order to improve the system dynamic the slowest pole needs to be cancelled out by the zero of 

the PI controller, thus it is considered that:      [9]. The open loop transfer function becomes: 

    ( )  
  

     
 

 

  (      )
 Eq. ( 2-6 ) 

In order to ease the calculations all the constants are grouped together and the following notation is 

made: 

    
  

      

 

 Eq. ( 2-7 ) 

The open loop transfer function is: 

    ( )  
 

     (      )
 Eq. ( 2-8 ) 

The closed loop transfer function may then be described by Eq. ( 2-9 ): 

    ( )  
   ( )

     ( )
 

 
 

  
 
 

 
 

   
 Eq. ( 2-9 ) 

Where N=nominator and D=denominator of a transfer function in general. 

The closed loop transfer function is then:  

    ( )  
 

               
 Eq. ( 2-10 ) 

An analogy with the standard form of a second order transfer function from Eq. (2-9) is made in 

order to identify the KP, KI, the undamped natural frequency and damping factor of the system:  

 
   ( )  

 

(
 

  
)
 

     
 

  
  

 
Eq. ( 2-11 ) [10] 

The undamped natural frequency and the damping factor are found as: 
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√     

  
   

  
       

 

 
 

  

√      

 
 

 
 √

  

  
 Eq. ( 2-12 ) 

From the condition: 

   
√ 

 
         

  

      

 

 Eq. ( 2-13 ) [10] 

By inserting Eq. (2-12) in Eq. (2-13) the proportional gain is found to be: 

    
    

    
 Eq. ( 2-14 ) 

Thus, the values of the proportional and integral coefficients are: 

              
  

  
   Eq. ( 2-15 ) 

The design of the PI controller has been considered only for the particular case of R=0.112 [Ω] and 

L=0.135 [H]. Tuning it for other working points is out of scope of this project. 

The Bode diagram of the open loop system and the time response for a step input are shown in 

Figure 11 and Figure 12: 

 
Figure 11 Open loop Bode diagram of the system 
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Figure 12 Time response to a step input of the system 

From the Bode plot of the open loop system it can be seen that the phase margin is 65.5° and the 

gain margin is infinite indicating that the closed loop system is stable. From the time response to a 

step input the system has been observed to have a maximum overshoot of 4.32 %, time of the 

maximum overshoot at 176 [us] and the settling time using the 2% criteria [10] as 237[us]. 

2.4. Power loss model  

Conduction losses: 

The simulation has been performed using PLECS toolbox. The choice is justified by the ease in 

modelling, as PLECS is using ideal components and parameters offered in the datasheet of the 

component. Also it is computationally faster. 

Forward characteristics at different junction temperatures were inserted in a look-up table. The 

characteristics are presented in the datasheet of Appendix A.  

It has the form of a structure with the on-state current and temperature as index vectors and it 

outputs matrix v [11] . PLECS is performing linear interpolation between the points automatically. 

During each simulation time step the conduction loss is calculated by the product of the on-state 

voltage and on-state current and it interpolates in case of intermediate points. (first order 

interpolation) 

The conduction losses curves of the IGBT chip and diode are depicted in Figure 13. All the data 

points that were inserted in the thermal description of the IGBT and diode can be found in tables in 

Appendix B. 
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Figure 13 Conduction power losses: a.) of IGBT; b.) of the diode 

In a similar manner, for calculating the switching losses of a semiconductor device, points from the 

curves illustrating the energy consumption during switching with respect to blocked voltage, 

forward current and Tj, are used. The points are fitted in a look-up table and represented by PLECS 

using energy surfaces. The look-up table contains three index vectors as the blocked voltage, on-

state current and device temperature and it outputs the switching energy loss in [mJ]. 

However, the datasheet of the power module does not offer any information regarding the 

conduction and switching power losses at 25°C. In order to obtain positive values for the losses an 

approximation had to be done. When calculating power losses PECS interpolates/extrapolates 

linearly to get the value corresponding to a certain temperature value. For small switching losses at 

25°C by linear interpolation the interpolated value was negative.  

A vector of values with interpolated energy switching losses has been calculated: 

 
            Eq. ( 2-16 ) 

Then instead of going 4 times down to 25°C, since the on state current-on state voltage dependence 

is exponential and not linear a rough approximation with a coefficient of ‘2.5’ has been used to find 

out the desired values: 

 
               Eq. ( 2-17 ) 

x represents the point that results from the difference between the energy loss at 150°C and energy 

loss at 125°C: The results were checked against the datasheet plots and were the same. 

The switching losses of the IGBT are depicted Figure 14. The off state losses of the diode are 

depicted in Figure 15: 
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Figure 14 Switching power losses of IGBT: a.) On state; b.) Off state 
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Figure 15 Off state energy loss of the diode 

2.5.  Thermal modelling of IGBT power modules 

Thermal behaviour of semiconductor components may be described using RC circuit models based 

on the analogy between electrical and thermal domains. One solution is to use Foster model circuit 

due to accessibility. The circuit includes parallel RC elements and thermal coefficients for the 

Foster model that are usually provided in the datasheet by the manufacturer. As it can be seen in 

Figure 16 in the box placed in the right bottom corner the values of the thermal resistances and 

thermal time constants are given for both IGBT and diode: 
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a.) b.)  
Figure 16 Thermal impedance variation with time: a.) for IGBT; b.) for diode [5] 

However, the analysis based on Foster network represents only a mathematical model and the 

circuit nodes have no physical meaning. Thus, it does not allow access to internal temperatures of 

different component layers. Another option is the use of Cauer models. These networks have a 

physical meaning and temperatures of component layers may be found out. It requires knowledge 

about the internal structure of the power module and since that was not possible and the Foster 

parameters of the cooling system were provided, the Foster network will be further used in 

modelling. 

Thermal capacitances are extracted from the thermal time constants according with Eq. ( 2-18 ): 

 
     

  

    
 Eq. ( 2-18 ) [12] 

The representation of the Foster network with the  thermal parameters from the datasheet is 

depicted in Figure 17. The power loss [W] that is fed into the thermal circuit (for the IGBT/diode) is 

equivalent to the current in electrical domain [A]. The main difference is that power loss flow is 

unidirectional. The thermal resistances are found in the datasheet as previously indicated and the 

thermal capacitances are calculated by using Eq. ( 2-18 ): 
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Figure 17 Foster representation of IGBT/diode  
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The connection between the electrical and thermal domain in PLECS is made through the heat sink. 

In PLECS it is represented by a blue square like in the block diagram from Figure 18. It absorbs the 

losses of the components contained inside its boundaries and feeds them into the thermal model 

[11]. Since the cooling system is more complex and contains thermal coefficients not only for the 

aluminium heat sink, but also for the thermal paste and water cooling, the heat sink is further 

connected to an equivalent RC Foster network. The thermal parameters were provided by Danfysik. 
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Figure 18 Block diagram of thermal model implementation in PLECS  

Afterwards, the new calculated junction temperature is updated into the loss model for the next 

iteration of the power losses as it was indicated in the flowchart from Figure 8.  

In the simulation an arbitrary ambient temperature of 21°C has been considered. All the Foster 

parameters included in the simulation may be found in Appendix B. 

2.6. Simulation results 

The simulation model had been verified by applying a repeating sequence of the current pattern 

presented in the introduction. 

 
Figure 19 Current waveform on active components 

The current sequence is about 4.5 times smaller than the nominal current ICnom(Table 2), so the 

temperature is not expected to raise much towards maximum temperature. As it can be seen in 

Figure 20 and Figure 21on the first leg the most stressed component is IGBT1, followed by D2. It 
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confirms that the model is working according to the functioning description of the H-bridge as 

presented in Section 2.1. 

The temperature of the IGBT rises up to 55°C and it is increasing, while in the case of the diode the 

temperature goes up to 34°C and due to the cooling system it is starting to decrease. The difference 

in temperature for the IGBT is about 22°C and 17°C for the diode. The temperature shape is 

following more accurately the shape of the current in the diode case, but as it can be seen in all the 

cases the spike of the current influences the temperature shape. The influence of the current spike 

on the components will be studied in the next chapter. 
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Figure 20 Total power loss and junction temperature on first leg elements 
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Figure 21 Total power loss and junction temperature on second leg elements 

2.7. Summary 

The characteristics and functioning of an H bridge converter has been described and an electro-

thermal model has been developed using PLECS toolbox for simulating it. The model has been 

validated for a repeated type of ramp current shape and the thermal behaviour of the converter has 

been analysed. 
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3. Lifetime modelling 

When dealing with an irregular junction temperature variation a cycle counting method should be 

used. Its role is to make possible the comparison between variable loading data test and constant 

amplitude test, all the estimation available data found in literature being for constant amplitude. 

In this chapter Rainflow cycle counting will be used in conjunction with Coffin Manson law that 

models the fatigue of the bonding wires and solder. To calculate how much the temperature is 

stressing the power module Palmgren Miner will be used. These steps will be applied on the 

scenarios specified in the Introduction chapter. 

One of the most popular cycle counting methods is the Rainflow technique. This method identifies 

regular ranges within an irregular signal and eliminates the smaller ones first. Afterwards, the 

obtained temperature ranges are compared with available data for constant amplitude loading, i.e. 

the lifetime characteristic of the power modules for this case. By the use of Palmgren Miner linear 

damage rule the damage each temperature cycle produces on the power module is quantified. The 

whole procedure is summarized in the flowchart depicted Figure 22: 
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Figure 22 Flowchart of remaining fatigue lifetime estimation 

3.1  Rainflow cycle counting method 

The programme for Rainflow counting method is provided on Mathworks website [13]. Before the 

Rainflow counting technique is applied, the local extrema of the signal have to be identified. This is 

done by using the function sig2ext.m that is included on the attached CD. For example, a fictitious 

junction temperature signal on a semiconductor is considered in Figure (top). The extrema on every 

cycle are identified next in Figure (bottom): 

 
Figure 23 Identification of the extrema from a regular junction temperature profile in Matlab 
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There are more types of Rainflow algorithms, but their results are similar [14]. The one that will be 

used and described within this project is the three point check due to the fact that it is simple and 

computationally fast.  

The three point counting algorithm checks three consecutive points to determine if a cycle is formed 

or not. The low amplitude cycles are separated from the high amplitude ones. When a cycle is 

counted it is discarded and the remaining points are connected together. The remaining residue is 

counted until all the points are exhausted. The two rules of the algorithm are the following [14]: 

 If X≥Y and point P1 is not the starting point of the loading history, then a cycle is 

counted and both P1 and P2 are discarded. 

 If X≥Y and point P1 is the starting point of the loading history, then a reversal or half-

cycle is counted from P1 to P2, and only P1 is removed. 
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Figure 24 Three point counting method: extracting half cycles at the starting points and counting a half cycle 

from P1 to P2 [14] 

In the given example from Figure 23 all the segments of the signal are equal. In Figure 25 only half 

of the time history is shown to give an idea about how the cycles are counted. The rules apply in the 

same manner until the end of the load history: 
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Figure 25 Rainflow cycle counting technique applied on the sequence of extrema 

The first segment is considered under the first rule: the range |     | is equal to |     | and P1 is 

the first point of the loading history, so only P1 is discarded and a half-cycle is counted. The 

counting is continued for the range |     | that is equal to|     |. A half-cycle is counted from 

P2 to P3 and again, P2 is the first point in history and gets discarded. In total 8 half-cycles are 

counted. 

The signal with the identified extrema is shown in Figure 26 (top). The function rfdemo1.m shows 

how the counting is performed in Matlab in a graphical matter as depicted in Figure 26 (bottom). 

The half-cycles are marked by coloured sine waves and text that indicates the direction of the 

counting. 
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Figure 26 Rainflow cycle counting technique performed in Matlab on the sequence of extrema 

After the cycles are identified, their amplitude s(or ranges) and mean values are stored in a matrix. 

The Rainflow matrix contains also a row with a value of 1 for the identified full cycles and 0.5 for 

half cycles.  

If the loading profile is an irregular one then after finding the extrema the signal may look like the 

one in Figure 27. The main parameters of any time history are calculated as it is indicated in the 

picture. Two arbitrary points, P1 and P2 are taken as an example in the zoomed-in part of the figure: 
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Figure 27 Parameters of an irregular temperature loading 

The amplitude of an identified cycle is found using the formula: 

 
     |

           

 
| Eq. ( 3-1 ) [15] 

Its mean value is: 

 
    

           

 
 Eq. ( 3-2 ) [15] 

The range of the identified cycle is defined as: 
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     |           | Eq. ( 3-3 ) [15] 

The ranges of temperature from the ‘typical’ junction temperature profile considered in the example 

are the same and equal to ∆T= 5.45 and the mean temperature of each half-cycle counted is Tm= 

2.72. 

3.2. Coffin Manson law 

Among lifetime models the Coffin Manson law for plastic fracture is the most commonly used. It 

gives a mean value of the number of fatigue fracture of metals as a function of the change in 

temperature during each cycle [16].  

In this project the modified equation that considers besides the junction temperature range also the 

mean temperature will be used: 

 
     (   )

 
    (

  

      

) Eq. ( 3-4 ) [3] 

where 

Nf – number of cycles to failure [-] 

A – constant [K
-α

] 

∆Tj – temperature range as described by Eq. ( 3-3 ) [K] 

α – constant;          [-] [16]; 

kb – Boltzmann constant;                    [J/K] [16]; 

Ea – activation energy;               [J] [16]; 

Tjm – average temperature [K]; can be described also as           
   

 
 

A is a constant that differs from module to module. The datasheet of the power modules does not 

include a lifetime curve, so a fitting has been done according to [16]. The purpose of the fitting is to 

find the value of constant A that has been identified as             . The plot from Figure 28 

was verified experimentally for the IGBT [16]. The source mentions that the model for the diode 

should be the same for the case of the diode by the authors conversation with Infineon, but the 

model could not be verified experimentally. 

The fitted curved using Ezyfit toolbox is depicted in Figure 28: 
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Figure 28 Expected number of cycles to failure as a dependence of the change in temperature obtained 

through curve fitting [16] 
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3.3. Damage modelling 

Computation of the fatigue damage caused by the considered loading interval T0 is usually realized 

with the assumption of hypothesis of linear fatigue accumulation. The used method is Palmgren-

Miner rule which considers the damage as a fraction of life used by an event or a series of events 

[17], [18].  

Total damage can be expressed as the sum of particular damages caused by each cycle: 

 
  ∑    

 

   

 Eq. ( 3-5 ) [17] 

Where j is a number of cycles determined from the loading history using Rainflow cycle counting 

algorithm. 

The particular values of damages Di are determined for each cycle or half-cycle: 

 
  

    

     
 Eq. ( 3-6 ) [17] 

for i =1…j. 

 ni is the number of identified temperature cycles (equal to 1 for a cycle and 0.5 for a half-

cycle) 

  j is a number of cycles and half-cycles distinguished from the history 

  Nfi is a number of cycles to failure computed with Coffin-Manson law ( Eq. ( 3-4 )) 

Thus, total damage is computed as: 

 
  ∑

    

     

 

   

 Eq. ( 3-7 ) [17] 

These fractions are summed up and when their sum equals D = 1 or 100%, failure is expected and 

predicted (no damage failure means D<1) [18]. 

3.4. Lifetime estimation 

The expected lifetime of an object may be calculated from the damage caused by the identified 

cycles in the interval T0 of the time history: 

 
  

  

 
 Eq. ( 3-8 ) [17] 

3.5. Simulation results 

By feeding an irregular current load history of 13408s length (about 3h 44m) that was provided by 

Danfysik into the model the thermal behaviour of the IGBT and diodes on the first leg has been 

observed. On the second leg the situation is mirrored considering the principle of operation of the 

H-bridge (as it was shown in the previous chapter).  

A part of the current profile can be seen in Figure 29: 
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Figure 29 Irregular current loading history 

From the load history in Figure 29 it can be observed how the current profile looks like. It has some 

intense time periods with low frequency ramps, followed by long breaks. The junction temperature 

on IGBT1, Diode 1, IGBT2 and Diode2 is depicted in Figure 30:  

 

Figure 30 Junction temperature profile on IGBT1, Diode1, IGBT2 and Diode2 

Afterwards, Rainflow cycle counting has been performed in order to identify temperature cycles 

inside the components temperature profiles as explained in Section 3.1. An example of how the 

counting is performed is given at the end of the project in Appendix C. 
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Figure 31 Rainflow 3D matrix showing the distribution of temperature ranges and average temperature 

among the counted cycles for IGBT1 and Diode1 
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Figure 32 Rainflow 3D matrix showing the distribution of temperature ranges and average temperature 

among the counted cycles for Diode2 

IGBT2 case has not been considered anymore. The reason behind it is that as it can be seen in 

Figure 33 T1-D1-D2 and T4-D4-D3 are forming 2 IGBT power modules. T2 and T3 not used and they 

get heated up only by the heating of the water. 
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Figure 33 Resemblance of power modules inside the converter 

As the situation is exactly the same for T4-D4-D3 but mirrored, only the first leg will now be 

considered in analysis without T2.  
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Next step was to quantify the damage on the components of the power module. The Rainflow 

histogram and the damage histograms of IGBT1, Diode1 and Diode 2 are shown in: 

 
Figure 34 Damage histogram of IGBT1 

As it can be seen in Figure 34 the temperature differences are not very different among cycles. Most 

of them have a ∆T of about 22°-25° and only few for higher differences. However, the higher 

ranges affect more the IGBT than the smaller ones, as it can be seen in the damage histogram. 

 
Figure 35 Rainflow histogram of the difference in temperature among counted cycles and the produced 

damage for Diode1 
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Diode 1 is not used at any instance, so it gets heated up only by the heating of water. The cycles 

have very low temperature differences, but as in the case of IGBT the higher ones are producing 

most of the damage. 

 
Figure 36 Rainflow histogram of the distribution of difference temperature among the counted cycles and the 

damage produced on Diode2 

As expected the small cycles of ∆T have small contribution into the damage histogram, whereas the 

cycles with a higher difference in temperature are affecting more the components also for the case 

of Diode 1. 

Estimations have been made as presented in Section 3.4 and the results show that the IGBT is the 

most affected component inside the power module experiencing higher differences in temperature. 

It can stand about 4 000 years of repetition of the sequence. 

Diode1 is the least affected and it is estimated to be able to function under the repetition of the 

sequence 20 mill years. 

Diode 2 is more stressed than Diode1 and the prediction for it is 4 mill years. 

In order to check the influence of the spike it has been removed from the current profile and the 

resulted ramps have been fed into the electro-thermal model to observe the behaviour of the 

components. 

A part of the current profile is depicted in Figure 37: 
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Figure 37 Current profile with the 'chimney' removed 

The resulted current profile has lower amplitude and the situation is the same for the junction 

temperature: 

 
Figure 38 Junction temperature variation on IGBT1, Diode1, IGBT2 and Diode2 

The distribution of the mean temperatures and temperature ranges among the counted cycles is 

more diverse than the previous case as it can be seen in Figure 39 and Figure 40. However, also the 

temperature ranges are smaller. 

0 2000 4000 6000 8000 10000 12000 14000
0

100

200

300

time[s]

io
[A

]
Current load profile without spike

2400 2420 2440 2460 2480 2500 2520 2540 2560 2580 2600
0

100

200

300

time[s]

io
[A

]

Current load profile without spike

2400 2420 2440 2460 2480 2500 2520 2540 2560 2580 2600
20

30

40

50

60

time[s]

T
j[

C
]

Junction temperature on IGBT1 and Diode1

 

 

IGBT1 Tj

Diode1 Tj

2400 2420 2440 2460 2480 2500 2520 2540 2560 2580 2600
20

25

30

time[s]

T
j[

C
]

Junction temperature on IGBT2 and Diode2

 

 

IGBT2 Tj

Diode2 Tj



Lifetime modelling 

 

36 
 

 
Figure 39 Rainflow 3D matrix for IGBT and Diode1 

 
Figure 40 Rainflow 3D matrix for Diode2 

The Rainflow histograms are presented as it follows: 

 
Figure 41 Rainflow and damage histograms on IGBT1 
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Figure 42 Rainflow and damage histograms on Diode1 

Figure 43 Rainflow and damage histograms of Diode2 

As it can be seen from the damage histograms the spikes have a high contribution. After removing 

them the damage decreases. 

The estimated lifetime for the components is: about 7 000 years for IGBT1, 24 mill years for Diode 

1 and 11 mill years for Diode 2. 
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3.6. Simulation with increased water temperature 

As presented in the introduction the case where thermal paste gets degraded and as a result the 

thermal resistance between heatsink and baseplate increases is simulated here by increasing the 

water temperature at 80°C. As a result the temperature differences increases but not 

significantly, whereas the mean temperature increases towards 100°C and up to 120°C in the 

case of the IGBT. These aspects are visible in the Rainflow 3D matrices below:  
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Figure 44 Rainflow 3D matrices for IGBT and Diode 1 
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Figure 45 Rainflow 3D matrix for Diode 2 

The Rainflow damage histograms of the components are presented in Figure 47, Figure 48 and 

Figure 49: 
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Figure 46 Part of temperature profile when the water temperature gets increased to 80°C 

 

Figure 47 Rainflow histograms of the distribution of ranges of temperature among cycles and the produced 

damage for IGBT 
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Figure 48 Rainflow histograms of the distribution of ranges of temperature among cycles and the produced 

damage for Diode1 

 
Figure 49 Rainflow histograms of the distribution of ranges of temperature among cycles and the produced 

damage for Diode2 

 The lifetime of the IGBT was decreased to about 25 years, 2500 years for Diode 1 and 860 years 

for Diode 2. 

3.7. Summary 

An irregular current profile has been fed into the electro-thermal model of the H-bridge. Rainflow 

cycle counting has been performed on the junction temperature profiles of each component of the 

module and based on the damage histograms it has been concluded that the most stressed 

component is the IGBT, followed by Diode 2 and Diode 1.  
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By removing the spike it has been observed that its influence on the lifetime of the semiconductors 

is high. The lifetime of the components has been found to be almost double in the case of IGBT1 

and almost three times higher for Diode 2. 

The temperature of the water was increased up to 80°C and the temperature ranges of the cycles 

changed, but more significantly the mean temperature.  

The results are summarized in Table 4: 

Table 4 Summary of simulations results 

Water temperature ‘Chimney’ IGBT lifetime Diode 1 lifetime Diode 2 lifetime 

Twater=21°C Present 4000 years 20 mill years 4 mill years 

Removed 7000 years 24 mill years 11 mill years 

Twater=80°C Present 25 years 2500 years 860 years 
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4. Conclusion  

An electro-thermal model has been developed and simulated using PLECS toolbox. As a starting 

point a standard current profile has been fed into the model in order have an idea about the expected 

junction temperature on the IGBT and diodes. 

Afterwards, the measured current profile has been used for the simulation for three case scenarios: 

1. Mission profile fed into the system and the water temperature of the cooling system of 21°C 

2. Mission profile with the removed ‘chimney’ and water temperature of 21°C 

3. Mission profile fed into the system with water temperature of 80°C. This simulation was for 

the case when the thermal grease is degraded and the thermal resistance between heatsink 

and baseplate is increased. The reason for doing that was to check the validity of the model 

as high number of expected years for the lifetime of IGBT and diodes was obtained with the 

first 2 scenarios. 

4.1.  Contributions 

The model calculates correctly the power losses and the junction temperature can be obtained for 

the IGBT and diodes. 

Rainflow cycle counting can be performed on an irregular temperature profile and by the use of 

Rainflow 3D matrix it is easy to visualize how the average temperature and temperature ranges are 

distributed among the counted cycles. 

Rainflow damage histogram shows how the temperature differences are affecting the IGBT and 

diodes by the use of Coffin Manson law and Palmgren Miner rule. 

The model still needs to be checked in the future to see how accurate the results are, but for the case 

of Twater=21°C and with the ‘chimney’ both mean temperature and temperature swings are low. The 

part of the mission profiles contains few cycles (approximately 350 for 13404s lengths). After some 

repetitive cycles of different temperature it follows a time period with no ramps, sometimes even 

higher than 1000 s (about 16 min) and going up to 3000-4000s the longest (between 50-66 min). 

During these periods the system is cooled down.  

For the simulation without ‘chimney’ the amplitudes and mean temperatures are much smaller, so 

the lifetime was expected to increase significantly. 

In the case of the simulation with Twater=80°C both the range of temperature and especially the 

mean temperature are increased. This leads to a significantly decrease in the expected lifetime. 

4.2. Limitations 

Without a further check it is not possible to know how accurate the model is. It behaves as 

expected, but the obtained lifetimes for the first two scenarios are unrealistic and for the third case it 

is not possible to confirm it or not. 
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5. Future work 

The model behaves as it should, but it needs to be checked for a 1 year mission profile or based on 

some obtained experimental data for the case of the power module used. 

A 3D Rainflow matrix could be implemented in order to have a better view of the picture and know 

how the combination of mean temperature and temperature ranges damages the devices. 
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Appendix B  

 IGBT turn-on energy data points extracted from the datasheet for different temperatures: 

Table 5 IGBT turn-on energy data points for 25°C 

 

Table 6 IGBT turn-on energy data points for 125°C 

 

Table 7 IGBT turn-on energy data points for 150°C 

 

 IGBT turn-off energy data points extracted from the datasheet for different temperatures: 

Table 8 IGBT turn-off energy data points for 25°C 

 

Table 9 IGBT turn-off energy data points for 125°C 
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Table 10 IGBT turn-off energy data points for 150°C 

 

 IGBT conduction loss points extracted from the datasheet: 

Table 11 IGBT conduction losses 

 

 Diode conduction loss points extracted from the datasheet: 

Table 12 Diode conduction losses point data 

 

 Diode losses during reverse recovery for different temperatures: 

Table 13 Losses during reverse recovery for 125°C 

 

Table 14 Losses during reverse recovery for 150°C 
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 IGBT and diode Foster parameters extracted from the datasheet:  

 

Table 15 Foster parameters of the IGBT chip 

 

Table 16 Foster parameters of the diode chip 

 

 Heatsink and  water cooling  thermal parameters: 

Table 17 Heatsink and water cooling system Foster parameters (SOURCE: Danfysik) 

 Thermal resistance [K/W]: Thermal capacitance [J/K]: 

Thermal paste Rth1=0.0045 Cth1=1 

Aluminium heatsink: Rth2=0.0013 Cth2=300 

Water cooling system: Rth3=0.0057 Cth3=1257 
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Appendix C 

Considering a part of the junction temperature sequence of IGBT1 when the current profile with 

spike is applied and the water temperature is 21°C, an example of how the Rainflow counting is 

done is depicted in Figure 50: 
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Figure 50 Example of how the extrema are identified on a loading history part 

The programme sig2ext.m identifies the first and last point in the time histories also as extreme 

points besides the other local extrema. In the case of a constant interval, the middle point is taken 

into account as an extremum (not shown here). 

Next, the obtained sequence is counted using Rainflow technique. It has to be kept in mind that the 

points before the first one at time t=2400s and the ones after t=2600s influence the overall counting 

and the whole temperature junction counting may look a bit different, but this example is taken out 

of the big sequence only to show how the counting is performed. 

The extrema sequence contains 17 points. The time axis will not be considered anymore, as only the 

movement on ‘Y-axis’ is important here. However, in the applications where is needed the 

programmes offers the opportunity to save in the Rainflow matrix also the approximate time of 

occurrence of the cycle and its ending time.  
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Figure 51 Identified extrema from the loading history 

The values of the extrema points is given in Table 18: 

Table 18 Values of the identified extrema points 

P1 P2 P3 P4 P5 P6 P7 P8 P9 P10 P11 P12 P13 P14 P15 P16 P17 

34.8 45.8 22.3 45.2 23.7 48.2 26.2 49 26.7 51.2 28.7 51.8 29 53.4 30.5 53.8 27.4 

 P1 is the first point in the time history. The range   |     | is compared against the 

range   |     |. As Y>X and P1 is the first point in the loading history, a half-cycle is 

counted from P1 to P2 and P1 is discarded. The range of the half-cycle is calculated using 

Eq.1:  

 
     |           |  |         |     Eq. (1 ) 

And average temperature is: 
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Eq. (2 ) 
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Figure 52 Example of how the three-point check algorithm is working. Removal of P1 

 P2 represents the new point in the loading history now. The counting is continued with 

  |     | and   |     |. As Y<X, no cycle is found the algorithm moves forward to 

a new starting i.e. now point P3.  

 Next, the range   |     | is compared with   |     |. Again, Y<X and so, no cycle 

is identified. The algorithm moves forward to point P4. 

   |     | is compared with   |     |. Y>X, and since P4 is not the starting point in 

the history a cycle is identified and both P4 and P5 are discarded. P3 is connected with P6. 

The new sequence is depicted in Figure 53: 
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Figure 53 Example of how the three-point check algorithm is working. Removal of P4 and P5 

 The counting procedure is continued gets restarted from the first point in the loading history 

– P2.   |     | is larger than   |     |. A half cycle is counted from P2 to P3 and 

only point P2 is discarded.  
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Figure 54 Example of how the three-point check algorithm is working. Removal of P2 

 The counting is started now from P3.The range   |     |<   |     |.Therefore no 

cycle is counted and the algorithm moves forward. The new starting point is P6.   
|     |>   |     | and so a cycle is counted from P6 to P7 and both points get 

discarded. P3 is connected with P8 now. 
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Figure 55 Example of how the three-point check algorithm is working. Removal of P6 and P7 

 As the range   |     | will be larger than the following ranges, the algorithm will 

always move forward and chose the next starting point. Point P8 is selected at this step as the 

starting point.   |      | >   |     | and a cycle is counted from P8 to P9. Both 

points are discarded and P3 is connected with P10. 
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Figure 56 Example of how the three-point check algorithm is working. Removal of P8 and P9 

 Range   |       |<   |      |, so the new starting point is chosen as P10. 
  |       | >   |       | and a cycle is counted from P10 to P11. Both points are 

discarded and P3 is connected with P12. 
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Figure 57 Example of how the three-point check algorithm is working. Removal of P10 and P11 

 Range   |       |<   |      |→ new starting point: P12.   |       | > 

  |       | and a cycle is counted from P12 to P13. Both points are discarded and P3 is 

connected with P14. 
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Figure 58 Example of how the three-point check algorithm is working. Removal of P12 and P13 
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 Range   |       |<   |      |→ new starting point: P14.   |       | > 

  |       | and a cycle is counted from P14 to P15. Both points are discarded and P3 is 

connected with P16. 
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Figure 59 Example of how the three-point check algorithm is working. Removal of P14 and P15 

 Range   |       |<   |      |→ new starting point: P16. The algorithm should 

continue with point P16, but since there are only 2 points left it start from the beginning over 

again. No cycle can be found and the two remaining ranges are counted as half cycle: one 

from P3 to P16 and another one from P16 to P17. The algorithm ends here. 

All the mean temperatures and temperature differences are calculated according to Eq. 1 and Eq. 2. 

The results of the counting in the order of occurrence of the cycles and half cycle are summarized in 

the table below: 

Table 19 Rainflow matrix containing the temperature ranges, mean temperature and number of cycles 

∆T 11 21.5 23.5 22 22.3 22.5 22.8 22.9 31.5 26.4 

Tm 40.3 34.45 34.05 37.2 37.85 39.95 40.4 41.95 38.05 40.6 

n 0.5 1 0.5 1 1 1 1 1 0.5 0.5 

The whole counting can be visualized by running rfdemo1.m: 
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Figure 60 Example of how the Rainflow three point check algorithm is done using Matlab 

The distribution of difference in temperature and mean temperature among cycles and half cycles is 

visualized in a 3D matrix by running rfmatrix.m: 



Appendix C 

 

63 
 

 
Figure 61 Rainflow 3D matrix containing the range (shown here as twice the amplitude), mean stress and 

number of cycles 

The distribution of mean temperature or temperature range among the counted cycles can be 

visualized also with histograms as the ones in Figure:  
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Figure 62 Rainflow histogram of the distribution of range temperature among the identified cycles (left) and 

the damage cause by the ranges (right) 
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