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ABSTRACT 
 

Modular multilevel converter (MMC) is composed of several semiconductor switches and capacitors. However, these basic 

components of MMC are fragile especially when operated in harsh environment. As such, the resulting fatigue of the converter 

need to be estimated so that the converter can be replaced before complete failure. One of the parameters that determines 

the lifetime of the converter is the junction temperature of the semiconductor switches which varies during operation and 

generates temperature swings. In this paper, an electro-thermal model for estimating the junction temperature of MMC is 

developed and rainflow algorithm is used to identify the fatigue parameters from the temperature profile; namely temperature 

swings, mean value of the temperature and the number of temperature cycles. Using these parameters, the number of cycles 

to failure were computed based on Coffin-Manson-Arrhenius lifetime model. The entire system including the control strategy 

was simulated in MATLAB® using Simulink® and PLECS® toolboxes. The results show that temperature swing is the main 

critical stressor of the converter, as such, can be used to plan maintenance or replacement before complete failure occurs. 

The temperature estimation was validated on a laboratory prototype MMC using type-K thermocouples and KEYSIGHT LXI 

Agilent 34972A BenchLink Data Logger. 

Keywords:  Modular multilevel converter (MMC); semiconductor switch; junction temperature; rainflow algorithm; sub-

module (SM).

1. INTRODUCTION 
 

Modular Multilevel Converter (MMC) being a power elec-

tronic converter (PEC) is designed with semiconductor 

switches and capacitors which have very high failure rate as 

per the survey conducted in (Yang et al., 2011) where it was 

established  that the main stress comes from environment, 

transients, and heavy loads, which need to be taken into con-

sideration during the design stage and normal operation. 

Insulated gate bipolar transistor (IGBT) power module is an 

exemplary semiconductor used in MMC. It consists of many 

layers of different materials with different coefficients of 

thermal expansion (CTE). Figure 1 shows the basic structure 

of a typical wire-bonded IGBT power module. As can be seen 

in the figure, on top of the baseplate is direct-copper bonded 

(DCB) ceramic substrate, while the silicon chip is soldered 

on the DCB.  

 

The difference in the CTE within the DCB results in temper-

ature variation which translates into mechanical stress within 

the IGBT module (Choi & Blaabjerg, 2018). The thermal 
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Figure 1: Structure of IGBT Power Module (Volke & 

Hornkamp, 2011) 
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cycling resulting from the temperature variation results in re-

peated heating and cooling making disparately joined mate-

rials to expand and shrink at different rates. This expansion 

and shrinking leads to failure. The substrate layers attached 

to the baseplate can be subjected to solder fatigue due to ther-

mal cycling. The most vulnerable points are wire bonds and 

silicon interconnections, DCB substrate and baseplate solder 

joint, and silicon and DCB substrate solder joint. Figure 2 

gives a summary of the failure mechanism of IGBT. 

 

The wear-out failure is as a result of long term degradation 

and normally arise due to uneven thermal impedance in the 

power semiconductor devices (Vernica, Choi, Wang, & 

Blaabjerg, 2020). Bond-wire lift-off have been identified as 

the major failure mechanism under this category (Ciappa & 

Fichtner, 2000). For example, during thermal cycling, the 

disparately joined materials expands and shrinks due to cool-

ing and heating. As a result of this, a wire-bond lift-off failure 

will be induced to the device. In the event of degradation 

however, the thermal resistance of the module increases 

thereby increasing the temperature of the module. This rise 

in temperature accelerates the wire-bond lift-off failure 

(Scheuermann & Schmidt, 2011). For high voltage IGBTs 

however, partial discharge have been identified as the com-

mon wear-out failure (Mitic & Lefranc, 2002). This type of 

failure typically occur on IGBT manufactured with imperfect 

etching of silicon and it manifest itself on the metallization 

edges in the silicon gel (Fabian, Hartmann, & Hamidi, 2005). 

Bond-wire fatigue on the other hand is as a result of temper-

ature swing stress coming from power dissipation in the sili-

con die due to CTE mismatch which is translated into fatigue 

across the wire pad and the wire bonding (Choi & Blaabjerg, 

2018). 

The catastrophic failures however occur as a result of single 

overstress event due to excessive current flowing through the 

device (Ahsan, Hon, Batunlu, & Albarbar, 2020). They are 

unpredictable and difficult to handle, as such, they result in 

huge damage to the device within a very short period of time. 

Catastrophic failures are of two forms; open-circuit and 

short-circuit (Wu, Blaabjerg, Wang, Liserre, & Iannuzzo, 

2013).  The result of an experiment conducted in (Lefebvre, 

Khatir, & Saint-Eve, 2005) shows that repetitive short circuit 

events do not destroy IGBT immediately, rather it reduces the 

operational life of the device. However, at higher short circuit 

energy close to the critical value, the IGBT fail at the first 

short circuit test. In similar development, the research con-

ducted in (Palmer, Rajamani, & Joyce, 2000) shows that sin-

gle high short circuit events results in complete failure of the 

IGBT. 

To improve the reliability of semiconductors, modified pack-

aging technology was proposed in (Haumann, Rudzki, 

Osterwald, Becker, & Eisele, 2013; Scheuermann & 

Beckedahl, 2008) where the aluminum bonding wire was re-

placed by copper bonding wire. In this way, the CTE mis-

match was reduced. In a similar development, (M. Wang & 

al) proposed molybdenum buffers as means of improving the 

reliability of IGBT modules. 

Capacitors are other fragile components of MMC. Failure 

sources in capacitors can be from the operating conditions 

(such as temperature, voltage and current) or from other fac-

tors (such as mechanical stress, material wear out and design 

defect) (H. Wang & Blaabjerg, 2014).  As with semiconduc-

tors, the failure can be classified as wear out or catastrophic 

depending on the causes and nature of the failure. In the case 

of electrolytic capacitors, failure can be induced due to vibra-

tion, shock or thermal expansion causing disconnection of 

the capacitor terminals from the system . Ceramic capacitors 

are even less reliable due to their brittleness nature to the ex-

tent that failure can be induced by mechanical stress during 

thermal cycling (Andersson, Kristensen, Miller, Gloor, & 

Iannuzzo, 2018). 

Several attempts have been made to reduce the failure rate of 

DC link capacitors and improve their reliability. An approach 
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Figure 2: Failure Classification in IGBT 
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based on ripple current minimization control was proposed 

in (Freitas, Jacobina, & Santos, 2010) while a hybrid solution 

was proposed in (Brubaker, Hage, Hosking, Kirbie, & E. D. 

Sawyer, 2013), where two capacitors of different frequencies 

are combined to provide DC link for a 250kW inverter.  An-

other approach was proposed in (Krein, Balog, & Mirjafari, 

2012; H. Wang, Chung, & Liu, 2014; R. Wang et al., 2011) 

where a ripple power port was added in order to reduce the 

total energy requirement of the DC link capacitor. On the 

contrary, researchers in (Chen, Afridi, & Perreault, 2013), 

considered replacing the DC link capacitor with an energy 

buffer and were able to achieve energy buffering ration of 

over 90%. 

The junction temperature of the semiconductor devices in 

MMC system is the leading factor that determines the life-

time of the converter. When the converter is in operation, the 

junction temperature of the switches are subjected to varia-

tion based on the loading current. The resulting temperature 

swings can induce failure by stressing the wire bonding and 

die attach solder (Y. Huang, Luo, Xiao, & Liu, 2019; Yongle, 

Yifei, Fei, Binli, & Xin, 2020). In devices with regular load-

ing, temperature cycles can be easily counted leading to 

quick estimation of the lifetime of the system.  However, 

such cycles (successive maxima and minima) cannot be eas-

ily counted in systems with irregular loading history such as 

IGBT junction temperature. Thus, the fatigue analysis of de-

vices with irregular loading profiles requires proper algo-

rithms for cycle counting. Example of such algorithms in-

clude simple range counting, peak counting, level-crossing 

counting, and rainflow counting (Musallam & Johnson, 

2012). The loading profile of MMC is variable and unpre-

dictable, hence, their reliability design requires an efficient 

cycle counting method to identify all the equivalent full and 

half cycles within the irregular load profile. Once all the cy-

cles are identified, the lifetime of the converter can be esti-

mated by conventional cycle-based lifetime model. A three 

point rainflow counting algorithm is employed here for cycle 

counting in such irregular loading history which has the ad-

vantage of having very small relative error and can provide 

average value (Perpina, Jorda, Vellvehi, Rebollo, & M. 

Mermet-Guyennet, 2011).  

The remaining part of this paper is organized as follows. Sec-

tion 2 presents methodology in terms of MMC and its control 

method, the method of estimating junction temperature of the 

semiconductor switches and fatigue analysis. Section 3 pre-

sents results and discussion. Section 4 concluded the article. 

 

2. METHODOLOGY 

2.1. MMC and its Control Method 

A circuit schematic of three phase MMC is shown in fig. 3. 

Each phase leg is made up of two non-coupled buffer induc-

tors and two stacks of multiple bidirectional cascaded-cells 

known as submodules (SMs).  

A centralized method of capacitor voltage balancing is em-

ployed in regulating the submodule capacitor voltages to 

their reference values. As can be seen in figure 4, the method 

takes into account the capacitor voltages and arm current po-

larities to select certain SMs for certain switching states. The 

modulation involves measuring and sorting SM capacitor 

voltages within an arm for every pulse width modulation 

(PWM) period. In this process, the SMs with lowest capaci-

tor voltages are activated when the arm current is positive. 

This will enable the SM capacitors to be charged and increase 

their voltages. Conversely, the SMs with highest capacitor 

voltages are activated when the arm current is negative, in 

this case, the SM capacitors are discharged and their voltages 

decreased. 
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2.2. Junction Temperature Estimation 

The junction temperature can be estimated based on the mis-

sion profile. This is achieved by feeding the later into an elec-

tro-thermal model block implemented in PLECS toolbox 

within MATLAB. The semiconductor switch used is 

FF75R12RT4 from Infineon (Infineon, 2013). The electro-

thermal model comprises of power loss and thermal model 

blocks as detailed in figure 5.  

 

An electro-thermal model was developed to estimate the 

junction temperature of the semiconductor devices. In the 

simulation, this was implemented using piece-wise linear 

electric circuit simulator (PLECS®) toolbox within 

MATLAB®. In the experimental set-up however, type-K 

thermocouples were used to measure the temperature. 

 

The thermal model block is based on Foster model. The 

choice is based on the availability of the thermal coefficients 

of the parallel RC elements that were provided in the manu-

facturer’s datasheet. The model is derived from the transient 

thermal impedance information in the datasheet. The thermal 

impedance of the semiconductor switch can be expressed in 

the following form: 

𝑍𝑡ℎ(𝑡) =  ∑ 𝑅𝑖(1 − 𝑒
−𝑡
𝜏𝑖 ) 

(1) 

where 𝑅𝑖 is the equivalent thermal resistance and 𝜏𝑖 is the 

thermal time constant for each conduction path.  

Considering the four conduction paths of the semiconductor 

switch, (1) can be written in Laplace form as follows: 

𝑍𝑡ℎ(𝑡) =  
𝑅𝑡ℎ1

𝜏1𝑠 + 1
+

𝑅𝑡ℎ2

𝜏2𝑠 + 1
+

𝑅𝑡ℎ3

𝜏3𝑠 + 1
+

𝑅𝑡ℎ4

𝜏4𝑠 + 1
 

(2) 

The thermal capacitance can be expressed in terms of the 

thermal resistance and thermal time constants as: 

𝐶𝑡ℎ𝑖 =  
𝜏1

𝑅𝑡ℎ𝑖

 
(3) 

A schematic of the thermal model used in this study is shown 

in figure 6. 
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2.3. Fatigue Analysis 

Figure 7 shows the block diagram for analyzing the fatigue 

of MMC. Rainflow cycle counting algorithm was applied on 

the turning points of the junction temperature profile and 

three thermal parameters were evaluated; amplitude of the 

temperature swing, the mean value of the maximum junction 

temperature and the range of the temperature swing. Fatigue 

analysis was carried out based on Coffin-Manson-Arrhenius 

analytical lifetime model which gives the number of cycles 

to failure based on temperature swing and average value of 

the temperature. The number of cycles to failures were then 

quantified using Coffin-Manson-Arrhenius lifetime model.  

 

2.4. Temperature Cycle Counting Using Rainflow Al-

gorithm 

Rainflow algorithm was introduced in 1968 by Matuishi and 

Endo (Matsuishi & Endo, 1968) while trying to count the cy-

cles and half cycles of strain-time signals. The analogy of the 

algorithm was derived from the rain falling on a pagoda and 

running down the edges of a roof. As can be seen in figure 8, 

the load stress represents a series of roofs on which the water 

falls as the time axis is vertical. The peak and valley of the 

stress are assumed to be the source of water dropping down 

the pagoda and are located on the left and right sides 

respectively.  The algorithm is based on the stress-strain be-

havior of the material. The load reversals are combined in 

such a way that a cycle is defined as closed hysteresis loop 

and each loop has mean stress and strain range for compari-

son with constant amplitude. The physical basis of this algo-

rithm is therefore the closed loop hysteresis in the tempera-

ture profile (H. Huang & Mawby, 2013). Apart from the 

method proposed by Matuishi and Endo, there are also other 

rainflow counting techniques such as three and four-point 

counting technique - all of which ended up with the same re-

sult. In this research, the three point counting technique is 

used because it is computationally fast. 

 

In this research, a three-point rainflow counting technique is 

used. The algorithm repeatedly checks three consecutive 

peaks/valley (say A, B and C) of a loading history to deter-

mine if a cycle is formed or not. First, the loading history (i.e 

the junction temperature profile) has to be rearranged to con-

tain only the maxima and minima and begins with the one 

with highest absolute magnitude; be it the highest peak or the 

lowest valley. A cycle check is then conducted on every three 

consecutive points. When a cycle is counted, points A and B 

are discarded from the loading history and the remaining 

points are connected together. The cycle check is then re-

peated until all the points are exhausted.   

Two rules are used for cycle identification using the three-

point technique as illustrated for hanging and standing cycles 

shown in figure 9 (Lee, Barkey, & Kang, 2011). 
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➢ A cycle is counted if the loading history doesn’t 

starts from A and x ≥ y, in which case, A and B are 

discarded. 

➢ A half cycle or reversal is counted from A to B if 

the loading history starts from A and x ≥ y, in which 

case, only A discarded. 

When the cycle identification is completed, rainflow algo-

rithm provides three parameters that are stored in a matrix. 

The parameters are; cycle amplitudes, 𝑇𝑗𝑎, ranges or mean 

value of the cycles, 𝑇𝑗𝑚, and the number of the identified cy-

cles. 

For an identified cycle shown in figure 10 with 𝑇𝑗𝑚𝑎𝑥  as 

maxima and 𝑇𝑗𝑚𝑖𝑛  as minima, then the following defini-

tions hold: 

The amplitude of the cycle, 𝑇𝑗𝑎 is: 

𝑇𝑗𝑎 =  |
𝑇𝑗𝑚𝑎𝑥 −  𝑇𝑗𝑚𝑖𝑛

2
| 

(4) 

The mean value of the cycle, 𝑇𝑗𝑚 is: 

𝑇𝑗𝑚 =  
𝑇𝑗𝑚𝑎𝑥 +  𝑇𝑗𝑚𝑖𝑛

2
 

(5) 

The range of the identified cycle is:  

∆𝑇𝑗 =  |𝑇𝑗𝑚𝑎𝑥 −  𝑇𝑗𝑚𝑖𝑛| (6) 

 

 

2.5. Fatigue Modelling Using Coffin Manson Arrhe-

nius Lifetime Model 

The relationship between the lifetime (in number of cycles), 

the mean temperature and the amplitude of the temperature 

was proposed in (Held, Jacob, Nicoletti, Scacco, & Poech, 

1997). The equation, often referred to as Coffin-Manson-Ar-

rhenius lifetime model is given by: 

𝑁𝑓(𝑇𝑗𝑚 , ∆𝑇𝑗𝑚) = 𝐴 ∗ ∆𝑇𝑗
𝛼 ∗ exp (

𝐸𝑎

𝑘𝐵 ∗ 𝑇𝑗𝑚

) 
(7) 

 

where 𝑁𝑓  is the expected number of cycle before failure, 

𝑇𝑗𝑚  is the mean (average) value of the temperature, ∆𝑇𝑗𝑚  is 

the amplitude (temperature range), 𝐸𝑎 is the activation en-

ergy = 9.89*10-20 (J), 𝑘𝐵  is Boltzman constant = 

1.38066*10-23 (J/K), while 𝐴 and 𝛼 are constants and are  

module dependent.

3. RESULTS AND DISCUSSION 

The converter control combined with electro-thermal model 

were implemented in MATLAB® using Simulink® and 

PLECS®  toolboxes based on system parameters of table 1. 
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3.1. Estimated Junction Temperature 

Even though the computed power loss is unidirectional, but 

it is equivalent to current in electrical domain. Upon feeding 

the power losses into the thermal block, the junction temper-

atures of the semiconductor switches were estimated. Figure 

11 shows the junction temperature of the SMs. 

 

3.2. Results from Rainflow Algorithm 

Figure 12 shows the junction temperature profile of one SM 

based on the mission profile. The lower IGBT in each sub-

module has the highest junction temperature. This is ex-

pected as it is the most stressed component of any sub-mod-

ule.  

 

 

The local extrema of its junction temperature profile were 

first identified. Rainflow algorithm was then applied to the 

turning points and the algorithm identified all the tempera-

ture cycles, their amplitude, mean value and range. The re-

sults are shown in figure 13 through 15. Fig. 13 is a rainflow 

matrix that depicts the distribution of temperature and aver-

age temperature among the identified cycles. Figure 14 and 

15 present the rainflow histogram that show the distribution 

of temperature range among the identified cycles and the 

Table 1: Parameters of the MMC Prototype 

Parameter Value 

Converter Rating 1MVA 

Number of Submodule Per Arm 20 

Submodule Capacitance 10mF 

Capacitor Voltage Reference 1kVA 

Input DC Link Voltage 20kV 

Output AC Voltage Reference 10kV 

Carrier Frequency 2kHz 

Modulation Index 0.9 

 

 

 

(a) 

 

 

(b) 

 

 

(c) 

Figure 11: Measured Junction Temperature of Submodules         

(a) Phase A, (b) Phase B and (c) Phase C 

 

 

Fig 12: Junction Temperature of One SM 
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corresponding damages respectively. The number of cycles 

to failure was computed using eqn (7) as 6.61x1015. This 

means the converter can withstand 6.61x1015 cycles under 

the given load conditions before it fails completely. This fig-

ure can be used to plan maintenance. 

 

3.3. Experimental Validation 

As shown in figure 16, the laboratory prototype is a single 

phase MMC with four submodules per arm.  

 

 

The control algorithm was implemented in code composer 

studio ("Code Composer Studio,") using TMS320F28377D 

 

Fig. 13: Rainflow 3D Matrix 

 

 

Fig. 14: Rainflow Histogram of Distribution of Temperature 

Range among Identified Cycles 

 

 

Fig. 15: Rainflow Histogram of damage caused by Tempera-

ture Range among Identified Cycles 

 

 

Figure 16: Experimental Set-up 
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microcontroller board (Datasheet) and MATLAB GUI. The 

IGBT used is GT20J341 from Toshiba (TOSHIBA, 2012). 

The case temperature of the IGBT switches were measured 

using Type-K thermocouples interphase with KEYSIGHT 

LXI Agilent 34972A BenchLink Data Logger / Switch Unit 

(Datasheet). Figure 17 shows the connection and communi-

cation structure for temperature measurement while figure 18 

shows the measured junction temperature of the converter 

SMs. 

 

 

 

 

 

4. CONCLUSION 

 

The paper has investigated a physics-based approach of esti-

mating the number of cycles to failure in MMC. The lifetime 

model used in the research has taken temperature swing 

(which is the root causes of the failure of the semiconductor 

switches) into consideration, as such, the method is said to 

be highly reliable. An electro-thermal model block 

developed in PLECS was used to estimate the junction tem-

perature of the semiconductor switches and rainflow algo-

rithm in conjunction with Coffin-Manson- Arrhenius law 

were applied to the turning points of the junction temperature 

profiles for cycle counting and computing the number of cy-

cles to failure.
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