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Abstract

Power electronics converters are essential for power generation, transmission, and distribution. The modular multilevel converter
(MMC) is highly valued for its versatility, high efficiency, and robust control capabilities. Since MMC is composed of many
components, its reliability is crucial for maintaining the availability of electrical power systems. The reliability of the MMC can
be evaluated using different methods, such as the military handbook (MIL) and the Mission Profile (MP) methods. By comparing
the reliability estimation of the MMC using the MIL and MP methods, this study offers insights into the effectiveness of these
approaches. Also, it shows the significant difference in final results between the two applied methods. These findings contribute to
the understanding and improvement of the reliability assessment of power electronics converters. Also, the impact of redundancy
is scrutinized to make the comparison more thorough.

I. INTRODUCTION

The Modular Multilevel Converter (MMC) is an intriguing
converter that finds applications in various fields due to its high
efficiency, modularity, and reduced harmonic contents [1], [2].
However, a challenge faced by the MMC is its reliability, as it
consists of numerous components within its structure [3], [4].
Consequently, numerous studies have focused on addressing
the reliability issues of the MMC and proposing different
methods such as redundancy, modularity, and reconfigurability
to enhance its reliability [5].

In the existing literature, several approaches have been
employed to estimate the failure rate of the components [6],
which significantly impacts the reliability outputs of the MMC.
These methods include the military handbook (MIL), FIDES,
and Mission Profile (MP). This study compares the final results
obtained by applying MIL and MP. MIL is an established,
traditional method used to estimate the reliability of the MMC.
Power converters have power losses during operation that
result in thermal cycling because of repetitive heating and
cooling determined by the mission profile that consumes the
life of the power components [7], [8]. Consequently, MP is a
more recent method that calculates the reliability of the MMC
by evaluating the degradation of its power components [9]–
[21].

For instance, in [1], MMC reliability is investigated apply-
ing the MIL method, where the combination of modularity
and redundancy is employed to enhance the MMC’s reliability
cost-effectively. In [22], the impact of two different redun-
dancy approaches on cost is assessed, and the failure rates
are calculated using the MIL method. Similarly, in [23], the
influence of current loading and redundancy modes on the
reliability of the MMC is established, with MIL being used to
estimate the failure rates of the components that s. The authors
in [24] evaluate the theoretical and modeling methodology of
MMC reliability, and the failure rate is calculated using the
MIL method. In [25], an optimization method based on cost

and reliability is proposed for a hybrid MMC, where the MIL
equations are utilized for estimating failure rates. Additionally,
several other studies [26] have employed the MIL method to
estimate the failure rates of the components.

In [9]–[17], the MP method is implemented to evaluate the
MMC reliability, with a specific focus on power components
such as semiconductors and capacitors. In [9], the reliability
of the MMC is evaluated for high-power, high-voltage appli-
cations, considering the degradation of only semiconductors as
the primary factor affecting the MMC’s lifetime. The authors
in [11] predict the system-level reliability of the MMC and
validate their results through experiments. Furthermore, in
[12], it is demonstrated that wind fluctuations and thermal
stress resulting from the devices are the major contributors to
the MMC’s lifetime consumption. Authors in [13] estimate the
semiconductor switches lifetime in MMC High-Voltage Direct
Current (HVDC) application. In [14], a cost-efficient switch
option for MMC in Static Synchronous Compensator (STAT-
COM) applications is proposed based on mission profile-
based reliability evaluation, comparing various commercially
available switches.

This study aims to assess the reliability of MMCs at the
converter level using two distinct reliability methodologies.
The analysis also investigates the impact of implementing
redundancy to underscore its significance. The remaining sec-
tions of the document follow this structure. Section II outlines
the system’s characteristics and the methodology employed to
evaluate MMC operation. In section III, thermal modeling of
the MMC is elucidated, highlighting its relevance in relation to
MMC reliability. Section IV demonstrates the reliability design
of the MMC considering MIL or MP methods. A case study
and its results are presented in section V. Finally, section VI
summarizes the study, encapsulating the principal findings.
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II. SYSTEM DESCRIPTION AND OPERATION PRINCIPLE

A. MMC Characteristics

Fig. 1 illustrates the half-bridge (HB) submodule (SM)
integrated MMC layout. It comprises six arms in which n SMs
are connected in series. Within the structure of SM, there are
several components, including two power electronics switch
valves, a capacitor bank, gate drives, a thyristor, and a control
system.
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Fig. 1: MMC layout with HB SM.

Table I shows the Characteristics of the considered MMC,
adapted from [27].

TABLE I: SYSTEMS PARAMETERS

Symbols Item Value
Nmin Minimum number of SMs 9
Vdc Pole-to-pole DC voltage 17 kV
SMMC Rated power 10 MVA
VIGBT Rated IGBT Voltage 3300 V
kmax Capacitors voltage ripple 10%
Sf Safety factor of IGBT 0.65
CSM SM capacitance 3.3 mF
fsw Switching frequency 313 Hz
IGBT FF450R33T3E3(Infineon) -
Capacitor DKTFM1*#B3367(AVX) -

B. MMC Model

In an ideal MMC, the DC side current (Idc) is evenly
distributed in the three phases of the MMC. By assuming the
harmonic components on the AC side are compensated, the
AC side currents ix (x = a, b, c) and voltage vx (x = a, b, c)
taking the phase a as an example, can be as follows.

va = Vmsin(ωt) (1)

ia = Imsin(ωt− Φ) (2)

ω = 2πf (3)

where Vm and Im are the amplitude of voltage and current, ω
is the angular frequency, f is the fundamental frequency, and
Φ is the power factor (PF) of the system. the upper and lower
arm current can be obtained as follows.

iau =
Idc

3
+

ia

2
(4)

ial =
Idc

3
− ia

2
(5)

consequently the upper and lower arm voltages (vau, val) are
caused by AC and DC currents. Also, according to the power
balance, the AC and DC side power should be equal. Hence,
power equality ideally an be written as follows.

PAC = PDC → 3

2
VmImcosΦ = VdcIdc (6)

m =
Vm

Vdc/2
(7)

where m is the modulation index to link the magnitude of AC
and DC side voltages, PAC is the output power, and PDC is the
input power. By substituting the (7) in (6), Idc can be written
as (8).

Idc =
3mImcosΦ

4
(8)

Now, the voltage and current of each arm (upper, lower) can
be obtained as follows.{

vau = Vdc
2 (1−msin(ωt))

val =
Vdc
2 (1 +msin(ωt))

(9)

{
iau = Idc

3 + Im
2 sin(ωt− Φ)

ial =
Idc
3 − Im

2 sin(ωt− Φ)
(10)

in the MMC, the voltage of the upper and lower arms can be
written as (11). {

vau = nauVdc

val = nalVdc
(11)

where nau is the duty ratio of the upper arm and nal is the
duty ratio of the lower arm. In MMC, the DC link voltage
should always remain equal to Vdc, so, by substituting the (9)
in (11), the duty ratio can be rewritten as follows.{

nau = 1
2 (1−msin(ωt))

nal =
1
2 (1 +msin(ωt))

(12)

III. THERMAL MODELLING

A. Power Losses Model

The current that passes through each element should be
calculated individually to estimate the thermal stresses of SM’s
components (IGBT, diode, and capacitor). In Fig. 1, taking the
upper arm of phase a as an example, the estimated current is
shown in Fig. 2 working in inverter mode; hence, the current
is positive for a period of (θ, π + 2φ− θ) and negative in the
period of (π + 2φ− θ, 2π + θ).
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Fig. 2: Illustration of arm current of phase a.

In Fig. 3, the effective working range of each component is
presented. If the current is positive, T2 or D1 are working,
while T1 or D2 are operational if the current is negative.
Hence, the average current (iave) and RMS current (iRMS)
of each semiconductor is given as (13) where the equation
variables are specified for each switch in Table II.
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Fig. 3: Current flow is inserted/bypassed SMs for different arm
current directions, (a) positive current & SM is bypassed, (b)
positive current & SM is inserted, (c) negative current & SM
in bypassed, (d) negative current & SM is inserted.

{
iave,x1 = 1

2π

∫ b
a Y1 d(ωt)

iRMS,x1 =
√

1
2π

∫ b
a Y2 d(ωt)

(13)

TABLE II: SPECIFICATIONS OF (13) for different power
switches

x1 a b Y1 Y2

T1 π + 2φ− θ 2π + θ nauiau naui2au
T2 θ π + 2φ− θ naliau nali

2
au

D1 θ π + 2φ− θ nauiau naui2au
D2 π + 2φ− θ 2π + θ naliau nali

2
au

Regarding the capacitor bank, the ripple current can be
obtained by (14).

icap = nauiau =
1

6
(Idc − 3

4
mImcosΦ) +

1

4
Imsin(ωt− Φ)

− 1

6
mIdcsin(ωt) +

1

8
mImsin(2ωt− Φ)

(14)
since the capacitor current’s DC component cannot pass
through, the capacitor’s first term in (14) is equal to zero.
But, the RMS current of the capacitor can be evaluated as
(15), which is composed of 50 Hz (second and third terms of
(14)) and 100 Hz (fourth term of (14)) frequency components.⎧⎨

⎩iRMS,cap-50Hz =
√

1
2π

∫ 2π

0
icap-50Hzd(ωt)

iRMS,cap-100Hz =
√

1
2π

∫ 2π

0
icap-100Hzd(ωt).

(15)

The power losses can be estimated after calculating RMS
and the average current passing through each component. The
significant sources of power switch losses are conduction loss
of IGBT (Pcond,T), switching loss of IGBT (Psw,T), conduction
loss of the diode (Pcond,D), and reverse recovery loss of the
diode (Prec,D). The conduction losses of IGBT (diode) are due
to the voltage drop of VCE (VD), and it depends on the on-state
current (I) and junction temperature (Tj) given by 16.

{
VCE = VT(Tj) +RCE(Tj)I , IGBT
VD = VD(Tj) +RD(Tj)I , diode

(16)

where VCE, VD, RCE, and RD are fitting parameters obtained
from data-sheet given in Table IV. Therefore, The power losses
of IGBT (diode) due to conduction losses can be written as
(17).

⎧⎪⎪⎪⎨
⎪⎪⎪⎩
Pcond,T(Tj) =

1
T

∫ T

0
VCE(Tj)I dt

= VT(Tj)|iave.T|+RCE(Tj)i
2
RMS.T

Pcond,D(Tj) =
1
T

∫ T

0
VD(Tj)I dt

= VD(Tj)|iave.D|+RD(Tj)i
2
RMS.D.

(17)

As mentioned, the energy losses of IGBT’s turn-on (Esw,T)
and the energy losses of reverse recovery of the diode (Erec,D)
are the other two major sources of losses calculated as (18).

{
Esw,T(Tj) = aT + bT|iave,T|+ cTiRMS,T

2

Erec,D(Tj) = aD + bD|iave,D|+ cDiRMS,D
2 (18)

where aT, aD, bT, bD, cT, and cD (in Table IV) are dynamic
characteristics of the power switches obtained from data-sheet
by curve fitting. Moreover, the effect of the applied voltage
is considered for calculating the power losses of IGBT and
diode due to switch losses and reverse recovery, respectively.

{
Psw,T(Tj) = fswEsw,T(Tj)

VSM,ave
Vnom

Prec,D(Tj) = fswErec,D(Tj)
VSM,ave
Vnom

(19)
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where Vnom is the nominal voltage at the test condition. The
total power losses of the IGBT and diode can be obtained by
summing the above losses as (20).{

PT = Pcond,T(Tj) + Psw,T(Tj)

PD = Pcond,D(Tj) + Prec,D(Tj).
(20)

For capacitor losses calculation, the equivalent series resis-
tor (ESR) is the source of losses. Hence, the total losses of
the SM’s capacitor can be calculated by (21).

PC = RESR(50Hz)i2RMS,cap-50Hz +RESR(100Hz)i2RMS,cap-100Hz
(21)

where the value of RESR is given in the data-sheet. Note that
the exact value of RESR is different at different frequencies.
However, this is given in some capacitor data sheets; in others,
it is not. Hence, if it is not given, we can assume that
RESR(50Hz) is equal to RESR(100Hz).

B. Electric-Thermal Model

1) IGBTs: The power electronic components have switch-
ing and conduction losses, as was elaborated prior in this sec-
tion. By using the information given in the IGBT’s datasheet
and thermal equivalent network of the IGBT shown in Fig. 4,
the average junction temperature of the IGBT and diode can
be estimated as given in (22).⎧⎪⎨

⎪⎩
Tj,T = PT(

∑4
i=1 RT,jci +RT,ch) + Th

Tj,D = PD(
∑4

i=1 RD,jci +RD,ch) + Th

Th = (PT + PD)Rha + Ta.

(22)

Foster
ܼ݆ −ܿ ܼܿ−ℎ
Foster
ܼ݆ −ܿ ܼܿ−ℎ

ܶܲ
ܦܲ

IG
B

T
D
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de

ܼℎ−ܽ ܶܽHeat sink݆ܶ
݆ܶ

ܶܿ
ܶܿ ℎܶ

Fig. 4: Thermal equivalent network of the IGBT module.

2) Capacitors: For capacitors, the equivalent series resis-
tance RES represents the total losses in the capacitor. Accord-
ing to the capacitor thermal network (Fig. 5), the temperature
of the capacitor (TCap) can be estimated as follows. In Tables
III and IV all the information regarding the values used for
the thermal model is provided.

TCap = PC(Rhc +Rca) + Ta (23)

where Rhc = 0.10 and Rca = 0.08 are thermal resistance read
from datasheet of AVX capacitors.

TABLE III: SEMICONDUCTOR THERMAL PARAMETERS

i 1 2 3 4

Diode ri (K/kW) 8.48 23.3 9.79 3.9
τi(s) 0.0026 0.0368 0.333 4.15

IGBT ri (K/kW) 3.87 16.4 5.79 2.34
τi(s) 0.003 0.0411 0.415 5.51

ܥܲܽܶ
ℎܿܥܽܿܥ

ܴℎܿ ܴܿܽ ܽܥܶܿܶܽܶܶ

Fig. 5: Thermal equivalent network of the capacitor.

TABLE IV: DYNAMIC CHARACTERISTICS OF SEMICON-
DUCTORS

aT/D bT/D cT/D VCE/D (V) RCE/D (Ω)
IGBT 0.175 0.372e−3 2.005e−6 1.5 3.1e−3

Diode 0.182 0.978e−3 −6.131e−7 1.5 3.8e−3

T and CE are for IGBT, D is for diode

IV. RELIABILITY DESIGN

This study evaluates the methods of MIL and MP. MIL is a
method used in military applications for system development
and testing. An MP is a method used to simulate the real-world
conditions that a system will experience during its lifetime.

A. Mission Profile

Different lifetime models can be applied to estimate the
failure rate of the IGBT and capacitor using the MP method-
ology, such as the Coffin-Manson and Bayerer models [28],
[29]. Each model considers various factors that influence the
lifetime of the components. For example, the Coffin-Manson
model focuses on the effects of temperature variation and is
utilized particularly when the primary failure mechanism in
power devices is bond wire fatigue. On the other hand, the
Bayerer lifetime model considers additional influential factors
on device lifetime, like heating duration. This model is more
appropriate when Direct Bonded Copper (DBC) solder fatigue
and bond wire fatigue are the main causes of failure. The
quantitative comparison of these lifetime models is examined
in [30]. In this study, the Bayerer method is employed to
estimate the end of life of the IGBT module. This method
considers factors such as junction temperature (Tj), thermal
cycle (ΔTj), on-time (ton), current per bond wire (Ib), voltage
class, and the diameter of the bonding wire (D) all specified
in [15]. To estimate the thermal cycle to failure (Nf), Equation
(25) is utilized.

Nf = AΔT β1

j e
(

β2
Tjmin+273 )tβ3

on I
β4

b V β5Dβ6 (24)

where the values of constants A, β1−β6, are listed in Table V.

TABLE V: PARAMETERS FOR BAYERER LIFETIME MODEL

A β1 β2 β3 β4 β5 β6

9.3e14 -4.416 1285 -0.463 -0.716 -0.761 -0.5
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For estimating the lifetime of the capacitor, the 10-kelvin
rule obtained from Arrhenius law is applied, which is widely
used as follows:

L = L0

(
V

V0

)−n

2
T0−TCap

10 (25)

where L0 is the lifetime under test condition, n is between 7-9,
V0 is the rated voltage for the capacitor. In IGBTs, the thermal
cycle causes damage, and the damage to the capacitor bank is
estimated by summation of the consumed lifetime. Hence, the
damage and lifetime are estimated in (26), [31].{

D =
∑Nt

i=1
Ni
Nf,i

for IGBT and diode

DCap =
∑Ns

i=1
Δt

L(TCap)
for capacitor

(26)

The counts Nt and Ns are obtained using the rainflow
algorithm, which is used to analyze the cyclic loading of the
system. Considering the physical performance and concepts
discussed earlier, the relationship between lifetime and degra-
dation is transformed into reliability by fitting the Weibull
Distribution to estimate the reliability of the MMC [32]. To
accomplish this, Monte Carlo Simulation (MCS) is employed
[33], as it allows for considering parameter deviation, such
as the Bayerer coefficients. MCS is necessary to capture the
stochastic nature of the system and obtain reliable estimates
of the MMC’s reliability.{

f(t) = β
η (

t
η )

β−1e−( t
η )β

RMP(t) = 1− ∫ t

0
f(t)dt = e−( t

η )β
(27)

The failure probability density function, denoted as f(t), de-
scribes the probability of failure over time. The reliability
of the SM denoted as RSM-MP(t), as well as the shape
factor (β) and the scale factor (η), is obtained from MCS
results. The SM’s failure rate is determined by its components,
which include two IGBTs, two diodes, and a capacitor bank.
The successful operation of the SM requires that all these
components remain healthy, as expressed by equation (28).

RSM-MP(t) =
∏

Rk-MP(t), k = T1, T2, D1, D2, Cap (28)

B. MIL

The probability of failure for IGBTs and capacitors is
influenced by the temperature and voltage levels they are
exposed to. Therefore, any formula used to calculate their
failure rate must consider these factors. This consideration is
particularly important for capacitors and semiconductors, as
their susceptibility to failure can be significantly influenced
by these operating conditions [34]. In Tables VI and VII, the
failure rate of capacitors and IGBTs using the MIL method is
given, respectively.

In which Tvj is the capacitor ambient temperature, Tj is
the junction temperature of IGBT, and C is in μF .In MIL
methodology, the failure rate of the components within the
structure of the SM follows an exponential distribution, so the
SM reliability can be calculated as follows.

RSM-MIL(t) = e−λSMt (29)

TABLE VI: MIL EQUATIONS FOR ESTIMATING FAILURE
RATE OF CAPACITOR

λMIL-Cap = λbase-CapπTπVπSRπQπEπC
πC = (C)0.09

πV = [
Vapplied

0.6×Vrated
]5 + 1

πT = exp[ −0.15
8.617×10−5 [

1
Tvj+273

− 1
298

]]

πSR = 0.1, πQ = 10, πE = 1, λbase-Cap = 100 FIT

TABLE VII: MIL EQUATIONS FOR ESTIMATING FAILURE
RATE OF IGBT

λMIL-IGBT = λbase-IGBTπTπSπAπRπE

πS = 0.045× exp[3.1
Vapplied
Vrated

]

πT = exp[−2114× [ 1
Tj+273

− 1
298

]]

πA = 0.7, πR = 1, πE = 6, λbase-IGBT = 100 FIT

λSM = 2× λMIL-IGBT + λMIL-Cap (30)

where λSM is failure of the SM.

C. Redundancy

Using redundancy as a fault-tolerant approach ensures that
normal operation is maintained without degradation even after
a fault occurs [1]. Prior studies have investigated various re-
dundancy strategies [35] and chosen the most suitable strategy.
A fixed-level active redundancy is adopted. In the fixed-level
active redundancy strategy, the number of operational SMs
within each arm is kept at a minimum value, denoted as Nmin
[22]. If Nmin = n, which means there is no redundancy, the
reliability of the MMC can be evaluated without considering
redundancy. Nred = n − Nmin is redundant SMs. The arm’s
reliability is evaluated using the k-out-of-n method described
as (31) [36].

Rarm(t) =
n∑

Nmin

CNmin
n RSM(t)Nmin(1−RSM(t))n−Nmin (31)

For calculating the MMC reliability, since there are six
arms, the MMC’s reliability is formulated as (32)

RMMC(t) = Rarm(t)
6. (32)

V. CASE STUDY AND RESULTS

This study utilizes a mission profile adopted from [27],
which has an annual average loading of 57%. Also, phase shift
carrier (PSC) PWM is used as the modulation technique. To
analyze the fatigue behavior of the components, the rainflow
algorithm is employed. This algorithm is a widely used tool
for counting the number of cycles, calculating the mean tem-
perature (Tmean), and determining the temperature fluctuations
(ΔTj) experienced by all the components. The rainflow results
for components T1 and T2 are presented in Fig. 6.

In inverter mode, the temperature fluctuation across com-
ponent T2 is the highest, whereas the temperature fluctuations
across other components (D1, D2, T1, and the capacitor) are
relatively lower. After implementing the MCS results, Fig. 7
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Fig. 6: Yearly distribution of junction temperature by rain flow
algorithm for (a) T1, and (b) T2.

demonstrates the Weibull Distribution fitting output. In the
case of component T2, it is expected to have the shortest
expected lifetime, with a value of approximately 63 years.
On the other hand, the expected lifetimes for components D1,
D2, T1, and the capacitor are estimated to be 1714 years, 3901
years, 3730 years, and 136 years, respectively.

However, this study compares the reliability of the MMC
using two different methods: MIL and MP. To achieve this
goal, the reliability of the MMC is analyzed using both
methodologies without redundancy. The results are presented
in Fig. 8 (a). The figure shows that the MIL methodology
yields a B10 lifetime of approximately 0.2 years, much lower
than the MP method, which equals 8.5 years. To further
investigate the impact of incorporating one redundant SM
in each arm, Fig. 8 (b) displays the B10 lifetime. Including
one redundant SM in each arm, the MIL method shows an
increased B10 lifetime to nearly 1.7 years, while the MP
method substantially increases to almost 18.3 years. Moreover,
this study uses a mission profile with a 1-hour resolution,
which can underestimate the MMC’s failure rate by almost
7 times [16]. Hence, the high difference between MIL and
MP outputs can be because of the low resolution of MP that
is detailed in [16].
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Fig. 7: MCS results and fitting with Weibull Distribution for
(a) D1, (b) D2, (c) T1, and (d) T2.
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Fig. 8: Reliability of the MMC for MIL and MP (a) without
redundancy, (b) with one redundant SM in each arm.

VI. CONCLUSION

In this study, we have examined the reliability of the MMC
and compared two different methods, namely the MIL and
MP approaches. The comparison of reliability estimation using
MIL and MP methods revealed interesting findings. Without
redundancy, the MIL method showed a much lower B10

lifetime than the MP method, with .2 years and 8.5 years,
respectively. However, when one redundant SM was incorpo-
rated into each arm, both methods significantly improved the
B10 lifetime. The MIL method increased to approximately
1.7 years, while the MP method substantially increased to
nearly 18.3 years. These results highlight the importance of
redundancy as a fault-tolerant approach for enhancing the
reliability of the MMC. Moreover, the impact of the mission
profile resolution can affect the results in a way that the
estimated failure rate of MP can get closer to the MIL
method. In summary, this study has highlighted the impor-
tance of incorporating real-world failure rate data recorded by
industrial companies to determine the accuracy and reliability
of different estimation methods for the MMC. Researchers
can obtain more realistic and reliable reliability estimates by
relying on actual failure data, ultimately improving the MMC’s
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performance in practical applications.
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