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Abstract
Circulating current has been an inherent feature of modular multilevel converters (MMC), which results in second-order 
harmonics on the arms currents. If not properly controlled, the circulating current can affect the lifetime and reliability of a 
converter by increasing the current loading, loss distribution, and junction temperature of its semiconductor devices. This 
paper proposes controlled circulating current injection as a means of improving the lifetime and reliability of an MMC. 
The proposed method involves modifying the reference modulating signals of the converter arms to include the controlled 
differential voltage as an offset. The junction temperature of the semiconductor devices obtained from an electro-thermal 
simulation is processed to deduce the lifetime and reliability of the converter. The obtained results are benchmarked against 
a case where the control method is not incorporated. The incorporation of the proposed control method results in a 68.25% 
increase in the expected lifetime of the converter and a 3.06% increase on its reliability index. Experimental results of a 
scaled down laboratory prototype validate the effectiveness of the proposed control approach.

Keywords Modular multilevel converter (MMC) · Circulating current control (CCC) · Reliability · Lifetime · Rainflow 
algorithm

1 Introduction

Since its introduction in 2003 by Marquardt and Lesnicar 
[1], the modular multilevel converter (MMC) has been con-
sidered as a promising candidate for medium-to-high voltage 
conversion applications such as high-voltage direct current 
(HVDC) transmission systems [2–4], flexible alternating 
current transmission system (FACTS) [5], medium-voltage 
motor drives [6], wind energy conversion systems [7], and 
large-scale photovoltaic generation systems [8]. This wide 
range of applications is due in large part to some of the sali-
ent features associated with this converter such as its mod-
ular design and scalability to different power and voltage 
levels, low switching frequency, simple capacitor voltage 
balancing control, and simple realization of redundancy [9].

One potential issue with the MMC is its circulating 
current, which needs to be properly controlled in order to 
improve the lifetime and reliability of the converter. Circu-
lating current is a result of variations in the instantaneous 
voltages among the three phases that arise from voltage vari-
ations in the submodule (SM) capacitor voltages. Circulat-
ing current usually flows through the arms of a converter 
and distorts the arm currents by introducing second-order 
harmonics, adds extra losses to the converter, impacts its 
components ratings, and influences the amplitudes of the 
capacitor voltage ripples. The net effect of this is an increase 
in the thermal stress on the semiconductor switches, which 
results in reductions in the lifetime and reliability of the 
converter. Therefore, circulating current control (CCC) is 
one way to minimize thermal stress and improve the lifetime 
and reliability of an MMC.

Several methods have been proposed in the literature for 
CCC in MMCs for a variety of purposes [10–15]. How-
ever, none of these methods were focused on utilization for 
lifetime improvement. The authors of [14] proposed CCC 
as a means of improving the reliability of an MMC. How-
ever, the concept was only demonstrated on a Simulink 
model with only one SM per arm. In addition, it lacked 
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submodule temperature regulation (SMTR), and the model 
was not experimentally validated. Furthermore, there was 
no attempt to estimate the impact of CCC on the lifetime of 
the converter.

This paper proposes a modified closed-loop CCC that 
was inspired by [15]. It is used as a means of improving 
the lifetime and reliability of a MMC. The modified control 
algorithm was based on injecting the differential voltage 
obtained from the closed-loop CCC as an offset to the refer-
ence modulating signals of the converter arms. The MMC 
control is based on the mathematical model presented in [16] 
along with an additional SMTR control loop as proposed in 
[17]. The purpose of the SMTR is to maintain equal thermal 
stress across all of the SMs to achieve equal reliability and 
lifetime expectancy. It also guarantees a more representa-
tive junction temperature profile for thermal analysis. The 
impact of CCC on the electrical behavior of an MMC was 
also studied.

In addition, this paper also investigates the impact of 
CCC on the lifetime and reliability of an MMC. Lifetime and 
reliability analyses in a power electronic converter (PEC) 
involve thermal stress control and lifetime estimation. The 
former was reported in [18, 19], while the latter was reported 
in [20, 21] using an accelerated lifetime test (ALT) and in 
[22, 23] using an analytical method. The ALT was based 
on subjecting the PEC switches to a more severe environ-
mental condition by varying its junction temperature from 
its minimum value to its maximum value under a specified 
temperature swing ΔTj . The analytical method is based on 
analyzing the junction temperature profile of the switches 
using cycle counting methods such as the Hayes method, 
racetrack method, simple range counting, level counting, and 
peak counting [24].

In this paper, an analytical method based on a rainflow 
counting algorithm is used since it is computationally fast 
and can provide an average value [25]. Miners rule [26], 
which considers damage as a fraction of the life consumed 
by stress, is used to model the damage as a percentage of 
the consumed life based on loading history. This leads to 
the evaluation of the remaining useful lifetime (RUL) of 
the converter and its reliability index. The whole process 
is repeated for the case when CCC is incorporated. The 
obtained results show a great improvement in the lifetime 
and reliability index of the MMC. The effectiveness of the 
method is evaluated on a scaled down laboratory MMC pro-
totype with four SMs per arm.

The remainder of this paper is organized as follows. Sec-
tion 2 presents a schematic of an MMC, a control strategy 
using the proposed CCC injection, and the impact of the 
control method on MMC dynamics. Section 3 presents life-
time and reliability modeling and analysis. Section 4 reports 
simulation results and a discussion. In Sect. 5, experimental 

results are presented. Finally, some conclusions are drawn 
in Sect. 6.

2  MMC control strategy

2.1  MMC circuit schematic

Figure 1 shows a circuit schematic of a three-phase MMC. 
Each phase consists of two identical arms connected in series 
between the DC terminals. Each arm consists of N-identical 
series-connected chopper cells called submodules (SM) and 
an arm inductor. An SM can be a full bridge or half bridge. 
In this paper, a half-bridge SM is used due to its simplicity 
in terms of component count. Vdc is the input DC voltage, 
Larm and Rarm, are the arm inductance and its resistance, iup 
and ilow are the currents through the upper and lower arms, 
vup and vlow are their arm voltages, icirc is the circulating cur-
rent, Lload and Rload represent an RL load, iac and vac are the 
output AC current and voltage, iSM and vSM are SM current 
and voltage, C is the SM capacitor, and vC is the SM capaci-
tor voltage. Table 1 shows the system parameters used in 
the simulation.

2.2  Circulating current control in an MMC

The circulating current icirc circulates through the arms of 
the converter without appearing on the output AC current. 
It is generated by the inner voltage differences in each phase 
of the converter in the form of a negative sequence with a 
frequency that is double that of the fundamental. It is made 
up of DC and AC components and can be expressed as:
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Fig. 1  Circuit schematic of a three-phase MMC
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The DC component idc is responsible for energizing the 
arms of the converter, and it maintains the SM capacitor 
voltages to their reference values. Meanwhile, the AC com-
ponent icirc_ac is responsible for the capacitor voltage ripples. 
As such, the AC component of the circulating current has to 
be controlled to achieve an efficiency improvement, as well 
as loss and thermal stress minimization. The three-phase 
circulating currents are given as [15]:

where Idc is the total DC current, i2f  is the peak value of the 
double-line frequency-circulating current, ωo is the funda-
mental frequency, and �o is the initial phase angle.

Equations (2)–(4) show that the AC parts of the circu-
lating current contain a double-line frequency component 
that can be seen on the arm currents. This component adds 
undesirable losses, thermal stress, and current stress to the 
MMC, which can lead to reductions in the lifetime and reli-
ability of the system.

In order to minimize these stresses, a modified CCC is 
proposed as means of improving the lifetime and reliabil-
ity of a converter. The proposed controller eliminates the 
double-line frequency components in the arm current. It also 
minimizes the thermal stresses and current loading of the 
MMC semiconductor devices, which improves the lifetime 
and reliability of the converter.

(1)icirc = idc + icircac .

(2)icirc_a =
Idc

3
+ i2f sin
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,
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3
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)

,

2.3  Proposed control strategy

In order to illustrate the modified control method, a sys-
tem controller consisting of four parts is shown in Fig. 2. 
Figure 2a shows the average DC voltage control, which is 
meant to force the average DC capacitor voltage for each 
of the phases to follow its reference value. Figure 2b shows 
individual DC voltage control integrated with SMTR. The 
aim of the individual DC voltage control is to force the DC 
capacitor voltages of individual SMs to follow their refer-
ence values. The purpose of the SMTR is to ensure equal 

Table 1  Simulation MMC system parameters

Parameter Value

Converter rating 1MVA
Input DC voltage 20 kV
Output AC voltage reference 10 kV
Arm inductance 10mH
Number of submodules per arm 20
Submodule capacitance 10mF
Submodule capacitor voltage reference 100 kV
Carrier frequency 2 kHz
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Fig. 2  Proposed control architecture of a MMC with controlled cir-
culating current injection: a average DC voltage control; b SM volt-
age control and temperature regulation; c circulating current control; 
d modulation voltage synthesis
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reliability and lifetime expectancy of the SMs by equalizing 
their thermal stresses. Figure 2c is an AC circulating cur-
rent controller, which is meant to suppress the double-line 
frequency components in the arm currents for each of the 
phases of the system and to minimize the current loading, 
losses, and temperatures of the semiconductor devices. Fig-
ure 2d shows the modulation voltage synthesis.

2.4  Impact of the proposed control strategy

Table 2 gives a comparison of the advantages and disad-
vantages of a previous and the proposed CCC methods. 

Simulated waveforms to verify the impact of the proposed 
CCC on the converter dynamics are shown in Fig. 3. The 
currents and multilevel voltages in the upper arm of the 
converter are shown in Fig. 3a, while their equivalents in 
the lower arm are shown in Fig. 3b. As can be seen, the 
CCC was able to transform the arm current waveforms into 
smooth sinusoidal shapes by cancelling the double-line 
frequency component that were distorting the waveforms. 
Meanwhile, the multilevel arm voltages were not affected. 
Figure 3c shows the three-phase output currents and volt-
ages which seems to be unaffected by the control method. 
Figure 3d shows the three-phase circulating current where 

Table 2  Comparison of the proposed and previous control methods

Previous method Proposed method

Based on centralized capacitor voltage balancing using a sorting 
algorithm

Based on a distributed capacitor voltage balancing algorithm using PI 
controllers

Fast sorting of the SM capacitor voltages in a converter with a large 
number of SMs is an issue

SM capacitor voltage balancing is achieved with some modifications to 
the modulating signal to provide good balancing

No dedicated thermal regulation loop Combined with an SMTR for regulating the thermal stresses across 
all of the converter SMs to achieve equal reliability and lifetime 
expectancy

Not extended to the fatigue analysis/lifetime prediction of the converter Extended to estimate the impact of the CCC on the lifetime and reli-
ability of the converter

(a)

(b)

(c)

(d)

Fig. 3  Impact of the proposed control strategy on the electrical behavior of a converter: a currents and voltages in the upper arms; b currents and 
voltages in the lower arms; c output AC currents and voltages; d three-phase circulating current
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the effect of the controller reduces the peak-to-peak value of 
the current to less than half of its initial value.

3  Lifetime and reliability modeling

Power electronic converters (PECs) are vulnerable to failure 
especially when a system is operated in a harsh environment. 
The main critical stressors for PEC are temperature swings, 
voltage, humidity and vibrations [27]. The most affected 
components are semiconductor switches, capacitors, induc-
tors, gate drives, printed circuit boards, resistors, fuses, and 
connectors. The stress coming from temperature variations 
has the highest impact on reliability [28], thus, provid-
ing adequate information for determining the failure rate of 
the system [29]. This is obvious considering the thermally 
induced stress arising from the differential thermal expan-
sion of semiconductors. The resulting power cycles affect 
the lifetime and reliability of the PEC. In [30], a survey was 
conducted on over 200 products from 80 companies, and the 
results show that 31% of the respondents attributed the fail-
ures in PECs to semiconductor devices. According to [31], a 
total of 34% of the failures in PECs comes from semiconduc-
tors and soldering followed by capacitors at 30%.

3.1  Temperature measurement and cycle counting

Junction temperature is estimated based on an electro-ther-
mal model consisting of power loss and thermal models. The 
semiconductor switch used in this paper is an FF75R12RT4 
from Infineon [32]. The outputs of the thermal model are the 
junction temperatures of the semiconductor devices. After 
the first iteration, the calculated junction temperature values 
are updated into the power loss model for the next itera-
tion. The fatigue analysis of devices with irregular loading 
profiles requires a proper algorithm for cycle counting. A 
common example is the rainflow algorithm as demonstrated 
in [33]. Once all of the temperature cycles are identified, the 
lifetime of the converter can be estimated by a conventional 
cycle-based lifetime model. The rainflow algorithm provides 
three parameters: the cycle amplitudes Tja , the ranges or 
mean value of the cycles Tjm , and the number of the identi-
fied cycles n that are stored in a matrix.

3.2  Fatigue modeling

The authors of [20] proposed a relationship between the life-
time (in number of cycles), the mean temperature, and the 
amplitude of the temperature. The expression, often referred 
to as the Coffin–Manson–Arrhenius model is given by:

where Nf is the expected number of cycles before failure, Tjm 
is the mean value of the temperature, ΔT jm is the amplitude 
(temperature range), Ea = 9.89*10–20 (J) is the activation 
energy, kB = 1.38066*10–23 (J/K) is the Boltzmann constant, 
and � and A are constants that are module dependent.

The model is for ΔT jm values between 30 and 80 K. How-
ever, they can be extrapolated to lower values.

3.3  Damage modeling

It is worth noting that (5) considers the magnitude of only 
one thermal cycle which is insufficient for lifetime estima-
tion in real mission profiles such as the junction tempera-
ture of semiconductors. The extent to which the temperature 
swing is stressing the semiconductors for different magni-
tudes of thermal cycles needs to be evaluated. This can be 
achieved using the Palmgren–Miner rule, which assumes 
that damage accumulates linearly [34]. This law considers 
damage as a fraction of the life used by an event or a series 
of events [35]. The hypothesis behind Palmgren–Miner’s 
rule is that the total damage is the sum of the particular dam-
ages caused by all of the identified cycles [36]. The dam-
age caused by each distinguished thermal cycle contributes 
toward consuming the life of the system. The sum of the par-
ticular damages caused by each of the distinguished cycles 
represents the total damage, D.

where n is the number of identified temperature cycles deter-
mined from the loading history, as computed by the rainflow 
algorithm.

The damage due to an individual cycle Di is given by:

where Nfi is the number of cycle to failure.
The total damage is given by:

Failure is expected when D = 1, and no failure is expected 
when D < 1.

(5)Nf

(
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)
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3.4  Lifetime estimation

After the damage is quantified based on the distinguished 
cycles, the RUL of the semiconductor � can be calculated 
as the inverse of the damage multiplied by the time period 
during which the damage occurs:

where To is the interval of the time history.

3.5  Reliability modeling

The reliability of an item R(t) is defined as the probability 
that the item will perform a required function without failure 
under stated conditions for a stated period of time [37].

where � is the failure rate and t is the mission time.
In this study, the RUL of the semiconductor device � 

computed using (9) is assumed to be the mean time to failure 
(MTTF) of the semiconductor device of an MMC. Based on 
this assumption, the following can be written:

Accordingly, the failure of the IGBT can be expressed in 
terms of its MTTF as:

According to (12), the reliability index of the IGBT RIGBT 
can be computed as:

The SM chopper cells in an MMC are serially connected. 
As such, the reliability of the MMC RMMC can be modeled 
using series association reliability modeling based on the 
following expression [38]:

However, it is worth noting that in this research, the 
SMTR loop has been incorporated into the individual DC 
capacitor balancing with the aim of equalizing the thermal 
stress among all the SMs. This is assumed to translate into 
equal reliability and lifetime expectancy of the SMs. Based 
on the foregoing, (14) can be rewritten as:

(9)� =
To

D
,

(10)R(t) = e−�t,

(11)MTTFIGBT = �IGBT.

(12)�IGBT =
1

MTTFIGBT
.

(13)RIGBT = e−�IGBT .

(14)RMMC =

N
∏

i=1

RIGBT.

According to [39], the reliability of an MMC can be 
equated to the reliability of one arm due to symmetry. As 
such, the parameter N in (15) is the number of SMs in one 
arm of the converter.

The failure rate of the MMC system can be calculated as:

The MTTF of the MMC MTTFMMC can be obtained as:

4  Results and discussion

4.1  Case I: results and analysis without CCC 

Figure 4 shows a rainflow histogram of the temperature 
swing among the identified cycles. Results for the life con-
sumption of the semiconductor switch under this condition 
are given in Table 3. The total life consumption of one IGBT 
of the converter is the sum of the accumulated damages due 
to all of the temperature swings. The accumulated damage 
is evaluated as 1.1731 ×  10–9%, which yields an expected 
lifetime of 270.3077 years. By letting the RUL be the MTTF 

(15)RMMC = RN
IGBT

.

(16)�MMC = −log
(

RMMC

)

.

(17)MTTFMMC =
1

�MMC

.

Fig. 4  Rainflow histogram of temperature swings among identified 
cycles without the proposed CCC 

Table 3  Life Consumption of one switch of a converter without CCC 

Parameter Value

Temperature swing, ΔT j (℃) 0  ≤ ΔT j  ≤ 1.04 1.1 < ΔT j ≤ 2.1
Mean temperature, Tjm (℃) 59 57
Number of identified cycles,n 44031.5 993.5
Number of cycles to failure, Nf 6.4026 ×  1015 2.0467 ×  1014

Consumed life (Damage), Di (%) 6.8771 ×  10–10 4.8541 ×  10–10



Lifetime and reliability improvements in modular multilevel converters using controlled…

1 3

of the semiconductor, its failure rate and reliability were 
computed using (12) and (13), respectively. The reliability, 
failure rate, and MTTF of the MMC were computed using 
(15), (16), and (19) respectively. The results are given in 
Table 4.

4.2  Case II: results and analysis with CCC 

The rainflow analysis is repeated when the CCC is invoked, 
and the corresponding rainflow histogram of the temperature 
swings is shown in Fig. 5. Results for the life consumption 
of the semiconductor switch under this condition are given 
in Table 5. With the CCC, the total life consumption due 
to temperature swings is 7.1026 ×  10–10%, which yields an 
expected lifetime of 446.2271 years. The failure rate and 
reliability index of the converter when it is operated with the 
CCC are computed in the same way. The results are shown 

in Table 6. Table 5 and Table 6 show that the thermal mini-
mization capability of the CCC results in a 3.06% increase 
in the reliability index and a 68.25% increase in the expected 
lifetime of the MMC.

5  Experimental results

For the purpose of validating the simulation results, a scaled 
down laboratory prototype MMC was developed based on 
the system parameters shown in Table 7. The structure of 
the experimental setup is shown in Fig. 6. The MMC pro-
totype is a single-phase converter with four SMs per arm. 
A discrete IGBT (GT20J341) [40] is used in building the 
prototype. The MMC control is implemented using a Texas 
Instrument TMS320F28377D Dual-Core Delfino™ micro-
controller board. The coding of the control strategy is imple-
mented with code composer studio.

5.1  Case I: experimental results without CCC 

The electrical behavior of a converter without the proposed 
CCC is shown in Fig. 7. The presence of double-line fre-
quency component can be clearly seen on the arm currents, 
as shown in Fig. 7a, and on circulating current, as shown in 
Fig. 7c, of the converter. The multilevel arm voltages are 
unaffected. The output AC current and voltage are also unaf-
fected as shown in Fig. 7b.

Table 4  Lifetime and reliability of a converter without CCC 

Parameter Designation Value

MTTF for IGBT �IGBT  (years) 270.3077
IGBT failure rate �IGBT 0.0037
IGBT reliability RIGBT 0.9963
MMC reliability RMMC 0.9285
MMC failure rate �MMC 0.0742
MTTF for MMC �MMC(years) 13.4771

Fig. 5  Rainflow histogram of temperature swings among identified 
cycles with the proposed CCC 

Table 5  Life consumption of one switch of a converter with CCC 

Parameter Value

Temperature swing, ΔT j (℃) 0  ≤ ΔT j  ≤ 1 1 < ΔT j  ≤ 1.99
Mean temperature, Tjm (℃) 57 56
Number of identified cycles,n 33371.5 993.5
Number of cycles to failure, Nf 8.8917 ×  1015 2.9629 ×  1014

Consumed life (Damage), Di (%) 3.7531 ×  10–10 3.3531 ×  10–10

Table 6  Lifetime and reliability of a converter with CCC 

Parameter Designation Value

MTTF for IGBT �IGBT (years) 446.2271
IGBT failure rate �IGBT 0.0022
IGBT reliability RIGBT 0.9978
MMC reliability RMMC 0.9569
MMC failure rate �MMC 0.0441
MTTF for MMC �MMC(years) 22.6757

Table 7  Experimental setup parameters

Parameter Value

Number of submodule per arm 4
Submodule capacitance 4.7 mF
Arm inductance 1 mH
Load resistor 5 Ω
Load inductor 4 mH
DC link voltage 100 V
Carrier frequency 4 kHz
Modulation index 0.9
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5.2  Case II: experimental results with CCC 

Figure 8 shows the electrical behavior of a converter when 

the proposed CCC is incorporated. As shown in Fig. 8a, 
the controller action is able to suppress the double-line fre-
quency component on the arm currents. The amplitude of 
the circulating current, as shown in Fig. 8c, decreased sig-
nificantly, and the second harmonic component has been 
significantly suppressed, which results in a converter with 
higher reliability and lifetime expectancy.

6  Conclusion

In this paper, a controlled circulating current injection 
method has been proposed as a means of improving the life-
time and reliability of an MMC. The proposed method is 
based on adding the controlled differential voltage from the 
closed loop CCC as an offset to the reference modulating 
signals of the converter arms. A model for estimating the 
junction temperature profile of the semiconductor devices 
has been developed and a rainflow algorithm was applied to 
the turning points of the temperature. An analytical model 
was developed based on the output of the rainflow algorithm 
in conjunction with the Coffin–Manson–Arrhenius law and 
Miner’s rule for calculation of the lifetime and reliability 
indices of the converter with and without the proposed 

Fig. 6  Experimental setup

vup (V)iup (A) ilow (A) vlow (V)

iac (A) vac (V)

icirc

(a)

(b)

(c)

Fig. 7  Electrical behavior of a converter without CCC: a arm currents 
and voltages; b output current and voltage; c circulating current
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Fig. 8  Electrical behavior of a converter with CCC: a arm currents 
and voltages; b output current and voltage; c circulating current
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control strategy. Simulation and experimental results dem-
onstrate the effectiveness of the proposed method. As such, 
the proposed method can be used as a control freedom for 
enhancing the lifetime and reliability of MMCs.
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