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A B S T R A C T

Modular Multilevel Converters (MMCs) offer significant advantages in the medium to high-voltage settings. The
modular architecture of MMCs allows for redundant submodules (SMs) to improve overall reliability. These
redundant SMs can be deployed using various redundancy strategies, such as Load-Sharing Active Redundancy
Strategy (LS-ARS), Fixed-Level Active Redundancy Strategy (FL-ARS), and Standby Redundancy Strategy (SRS).
The primary contribution of this paper is the introduction of guidelines for applying Monte Carlo Simulation
(MCS) and a comprehensive methodology for its application across various redundancy strategies. This enables
precise planning of preventive maintenance and estimation of the number of faulty SMs with a specific lifespan
in the MMC. More importantly, MCS is applied to estimate the reliability of the MMC applying Mission Profile
for SRS and LS-ARS where analytical solutions are unavailable. An analysis of uncertainty and the applicability
of MCS is also presented to demonstrate the advantages of MCS over analytical methods. The computational
time required for applying MCS across different redundancy strategies and arm levels is also assessed.
1. Introduction

Reliability is a crucial factor in the design of Modular Multilevel
Converters (MMCs) [1]. Component failures within the MMC can lead
to significant impacts in terms of cost and overall system safety [2].
Hence, it becomes imperative to evaluate MMC reliability during the
design and development phase [3]. To enhance the reliability of grid-
connected MMC systems, modularity, redundancy, and reconfigurabil-
ity are explored, as detailed in [4,5]. Various methodologies are em-
ployed to assess MMC reliability, including the mission profile method
and statistical analysis. The mission profile method is rooted in the
physics of a specific failure mechanism, focusing on time-to-failure
or cycle-to-failure within the system’s mission profile [6]. The latter
methodology involves analytical formulations, utilizing standards such
as the FIDES Guide and Military Handbook (MIL-HDBK) [7] to gauge
system reliability [8]. Another valuable tool for reliability analysis
is Monte Carlo Simulation (MCS), which is useful in considering the
uncertainty of reliability indices [1,9]. MCS converges to a specific
value as the number of trials increases, settling within the tolerance
level range [10].

This study employs MCS tailored for MMCs, focusing on redun-
dancy strategies and preventive maintenance planning. The following
approaches are implemented:

∗ Corresponding author.
E-mail address: m.ahmadi-3@tudelft.nl (M. Ahmadi).

1. Reliability Block Diagram (RBD): The RBD framework is uti-
lized to model the success criteria of MMC arms under various redun-
dancy strategies. For instance, in the Fixed-Level Active Redundancy
Strategy (FL-ARS), reliability is calculated using the 𝑘-out-of-𝑛 probabil-
ity model, where the system operates successfully if a minimum number
of SMs remains functional. Similarly, the Standby Redundancy Strategy
(SRS) assumes a homogeneous Poisson process to model the activation
of spare SMs as failures occur [11].

2. MCS: MCS is employed in non-sequential and sequential forms
to address the limitations of analytical methods, especially for com-
plex scenarios like Load-Sharing Active Redundancy Strategy (LS-ARS).
Sequential MCS allows the incorporation of time-dependent failure
mechanisms, enabling precise planning of maintenance intervals and
reliability estimation over the MMC’s lifespan. This is particularly
crucial for mission profile applications, where analytical solutions are
unavailable [11].

3. Mission profile-based reliability assessment: To estimate life-
time reliability, the mission profile method integrates component degra-
dation data, such as thermal stress and switching cycles. Combined with
MCS, this method accounts for stochastic variations in operational con-
ditions, providing a more accurate reliability estimate than traditional
analytical approaches [12].
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These methodologies collectively enable a comprehensive assess-
ent of MMC reliability, addressing practical challenges like redun-
ancy allocation, and preventive maintenance planning.

MCS finds diverse applications, serving as both a validation tool and
 means to account for parameter variations. In the context of [13],

MCS is employed to validate theoretical outputs. The study demon-
strates that with 10,000 trials, MCS outputs align closely with analytical
results over a 40-year lifespan. However, specific details regarding the
implementation of MCS are not provided.

The dynamic preventive maintenance strategy in [14] optimizes
MMC reliability and maintenance costs by considering multi-term ther-

al cycles and operational conditions. It adjusts maintenance intervals
ynamically to balance costs and reliability effectively. Authors in [15]
ntroduced a Mixed Redundancy Strategy that combines active and
pare redundant SMs to enhance system reliability, achieving over
 50% increase in B10 lifetime compared to traditional strategies.
n [16], the authors focus on estimating the reliability of the DC/DC

converter due to electrothermal stresses on power electronic switches
and capacitors. The MCS accounts for variations in defined param-
eters. Authors in [17] developed a reliability model for MMC-based
flexible interconnection controllers, accounting for current loading un-
certainties and utilizing MCSs to refine the IGBT module’s reliability
ssessment. The study reveals that introducing redundancy in such a
onverter can extend its lifetime from 4.5 to 7.5 years. Another instance
f MCS application is highlighted in [18], where vehicle behavior is

simulated to compare the service capacities and earnings of electric
vehicle (EV) charging and battery swapping. This paper models the
stochastic behavior of elements using MCS.

In [19], a mission profile-based reliability prediction method for
MCs, incorporating key modeling steps such as analytical power loss

models, thermal modeling, lifetime modeling, Monte Carlo analysis,
and redundancy analysis. In [20], three distinct MCS methods — static,
semi-dynamic, and dynamic MCSs — are introduced to evaluate the
reliability of power electronics based on the mission profile. How-
ever, MCS is primarily utilized to account for variations in applied
parameters. The study reveals that the static MCS exhibits the fastest
calculation time. From an accuracy perspective, it is concluded that
if the number of trials exceeds 1000, there is no discernible differ-
ence among the outputs of various MCS strategies. Authors in [21]
valuated the lifetime of medium-voltage drives based on MMCs using
onte Carlo simulations, highlighting potential underestimations in

raditional lifetime assessments. In [8], MCS is employed to investigate
he reliability of a photovoltaic (PV) power plant. The study derives
n estimation of failure rates from FIDES Guide standards, utilizing
CS to obtain the probability of system failure. Moreover, in [22,23],

a reliability-based design method is proposed for MMC. MCS is applied
to consider a 5% variation in applied parameters by acknowledging
potential deviations in statistical analysis from actual values.

This paper aims to establish a guideline for applying MCS as a
ethodology for evaluating the reliability of MMC across various re-
undancy strategies. MCS provides the flexibility to account for im-
robable system effects that may not be captured by analytical ap-
roaches [24]. It is worth noting that this study does not prioritize
 specific reliability methodology (MIL, FIDES, or mission profile) for
easuring component failure rates. Nevertheless, MCS is a valuable and
ighly accurate tool for estimating the converter’s failure rate. Unlike

much of the existing literature, which primarily focuses on parameter
deviation [25], this study broadens the scope of MCS application [26].
The key contributions of this study are summarized as follows:

• Propose the approach for applying MCS to assess the reliability
of the MMC employing all available redundancy strategies, as
detailed in Section 3.

• Compare the MCS outputs with analytical equations to validate
the effectiveness of applying MCS (Section 3/2).
2

Fig. 1. Configuration of an MMC with half bridge SMs.

• Estimating the MMC’s reliability by applying the mission profile
method where the results are unavailable with two redundancy
strategies (Section 4).

• Demonstrating the application of MCS in dynamic preventive
maintenance (Section 4).

• Compute the required time for performing MCS with different
system configurations (Section 5).

2. Redundancy strategies of MMC

The MMC configuration is depicted in Fig. 1, featuring three phases,
each comprising two arms with Sub-Modules (SMs) connected in series
to attain the desired voltage and power rating. As shown in Fig. 1, each
SM includes an IGBT module, capacitor bank, and auxiliary compo-
ents [27]. The minimum series connection of SMs required is dictated

by the necessary DC-link voltage (𝑉dc) and the IGBT rating, as outlined
in (1) [28,29].

𝑁min = Ceil
[

𝑘max × 𝑉dc
𝑆f × 𝑉IGBT

]

(1)

here, 𝑆f represents the safety factor for employing IGBT, and 𝑘max
signifies the voltage ripple across the capacitors in the SM. To improve
the reliability of the MMC and extend its availability time, additional
SMs are employed, thereby enhancing reliability [30]. The integration
f redundant SMs can be realized through various methods, outlined as

follows:
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2.1. FL-ARS

In the FL-ARS, also known as hot-reserved redundancy, only 𝑁min
Ms operate actively, while redundant SMs remain powered and opera-
ional. However, the triggering signal in FL-ARS is specifically directed
o 𝑁min randomly selected SMs. Consequently, all SMs take turns being
riggered and operating, whether they are part of the original SMs or
edundant SMs. It is important to note that in this redundancy strategy,
ll SMs experience constant voltage stress throughout MMC operation.
he reliability of an arm in FL-ARS, as per the Reliability Block Diagram

(RBD) model presented in [31], is determined using the k-out-of-n
robability model, where the success of the arm requires 𝑁min SMs out

of n SMs, where n is the total number of SMs in each arm, including
redundant ones (𝑁min +𝑁red). In the FL-ARS, the reliability of an arm
is expressed by (2).

𝑅arm-FL(𝑡) =
𝑛
∑

𝑖=𝑁min

𝐶 𝑖
𝑛𝑅SM(𝑡)𝑖(1 − 𝑅SM(𝑡))𝑛−𝑖 (2)

𝑅SM(𝑡) = 𝑒−𝜆SM𝑡 (3)

where 𝑅SM denotes the reliability of the SM, 𝜆SM represents the total
failure rate of the SM, encompassing power switches, capacitor banks,
power supply, gate drive, and thyristor. It is crucial to note that the
failure rates of these components could be determined through various
reliability methods. However, this study does not delve into calculating
these specific failure rates or selecting components for consideration, as
outlined in [32]. This study assumes these factors have been established
nd the associated failure rates are estimated with acceptable accuracy.

2.2. SRS

In the SRS, also known as cold-reserved redundancy, the operational
Ms consistently number 𝑁min, while the redundant SMs remain idle.
f an SM experiences a failure, the faulty SM is bypassed, and the first

redundant SM is activated. Since the redundant SMs are bypassed in
SRS, their failure rate is assumed to be zero. Like FL-ARS, the voltage
stress across operational SMs is comparable in SRS. The reliability of
an arm in SRS is determined using the Homogeneous Poisson Process
with a failure rate of 𝜆𝑠, where 𝑁min represents the minimum required
number of SMs per arm. The reliability of an arm follows the Poisson

istribution, as expressed in (4) and (5), based on the RBD model
outlined in [13].

𝑅arm-SRS(𝑡) = 𝑃 [𝑁(𝑡) ≤ (𝑛 −𝑁min)] =
𝑛−𝑁min
∑

𝑖=0

(𝜆s𝑡)𝑖

𝑖!
𝑒−𝜆s𝑡 (4)

𝜆s = 𝜆SM ×𝑁min (5)

2.3. LS-ARS

In the LS-ARS, the 𝑁red redundant SMs are operational, and the
load is distributed among 𝑁min +𝑁red SMs. As a result, the operating
oltage of each SM is lower in LS-ARS compared to SRS and FL-ARS.

This reduction in operating voltage subsequently decreases the voltage
stress and the SM failure rate. However, in the event of an SM failure,
the voltage across the remaining SMs increases, which needs to be
considered in the reliability evaluation.

𝑃0(𝑡) = 𝑒−𝑛𝜆SM,n𝑡

⋮

𝑃j(𝑡) = ∫

𝑡

0
(n-j-1)𝜆SM,n-j-1𝑒

−(𝑛−𝑗)𝜆SM,n-j𝜏𝑃j-1(𝑡 − 𝜏)𝑑 𝜏

⋮

𝑃 (𝑡) =
𝑡
𝑁 𝜆 𝑃 (𝜏)𝑑 𝜏 (6)
3

n-𝑁min+1 ∫0
min SM,n-𝑁min n-𝑁min s
LS-ARS’s RBD is presented in [33] and is not repeated here. Markov
Chain (MC) is the method used to evaluate the MMC’s reliability if the
redundancy strategy is LS-ARS. In MC, state 0 corresponds to the initial
state where all the SMs are operational and share the load. The fail state
s presented as n-𝑁min+1 where more than 𝑁red SMs have failed. The
quations obtained by the MC are as (6). Therefore, achieving effective
rm operation involves combining successful states given by (7).

𝑅arm-LS(𝑡) =
𝑁red
∑

𝑗=0
𝑃j(𝑡). (7)

After assessing the arm’s dependability through the analysis of
redundancy strategies, the reliability of the MMC can be computed
using (8):

𝑅MMC-x(𝑡) = 𝑅arm-x(𝑡)6 → 𝑥 ∈ FL-ARS, SRS, LS-ARS (8)

The failure rate in SRS is lower than FL-ARS, which is incorporated
n the Poisson and k-out-of-n analytical methods used for these redun-

dancy strategies, respectively. On the other hand, the failure rate for
LS-ARS varies due to changes in voltage stress, which is incorporated
sing the Markov Chain method. The differences are also included
o develop unique MCS method for each redundancy strategy and

validated using the analytical methods, as described in Section 3.

3. Monte Carlo models of MMC under various redundancy strate-
gies

MCS is a tool that assesses the reliability of a system by simulat-
ing its realistic functions and random behaviors. In MCS, a series of
experiments (trials) are conducted to estimate the probability of sys-
tem failure or success. In contrast, analytical approaches describe the
system using mathematical equations, which are sometimes simplified.

There are two methods of applying MCS: time-independent (ran-
om) and time-dependent (sequential). The selected approach depends
n the characteristics of the system. If the time intervals in MCS impact
he subsequent intervals, time-dependent MCS should be employed.
n time-dependent MCS, uniform numbers between 0–1 should be
onverted into the time distribution. As shown in (3), the exponential

distribution can be transformed using the inverse transform method,
outlined as follows [11]:

𝑅SM(𝑡) = 𝑒−𝜆SM𝑡, (𝜆SM > 0, 𝑡 ≥ 0) (9)

so the unreliability function can be obtained as (10).

𝑈SM(𝑡) = 1 − 𝑅SM(𝑡) → 𝑒−𝜆SM𝑡 = 1 − 𝑈SM(𝑡) (10)

by applying the inverse transform function:

𝑡 = − 1
𝜆SM

𝑙 𝑛(1 − 𝑈SM(𝑡)) (11)

where 1 −𝑈SM(𝑡) is uniformly distributed over the interval [0, 1]. There-
fore, the time interval distribution for each SM can be determined. It is
rucial to emphasize that even if the failure rate of the SM is estimated
sing the Weibull Distribution, which considers the wear-out period
nd component degradation in the mission profile reliability method,
CS remains applicable. However, when considering the wear-out

eriod, the inverse transform function for MCS can be derived, as
xpressed in (12).

𝑡 = 𝜂 × 𝛽
√

−𝑙 𝑛(1 − 𝑈SM(𝑡)) (12)

where 1 −𝑈SM(𝑡) is uniformly distributed over the interval [0, 1], with
and 𝜂 representing the shape and scale parameters derived from

he mission profile results. This will be more elaborated in Section 4
A. Throughout the remainder of this study, the methodology applied
for MCS is demonstrated based on a single trial and by applying the
ailure rate achieved according to the MIL method. Nevertheless, the

ame method applies to mission profiles. However, it is imperative to
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Fig. 2. Operating cycle of an arm of MMC with (a) FL-ARS; (b) SRS; and (c) LS-ARS.
repeat these trials to obtain results with acceptable accuracy, following
the rule of conducting 10,000 trials. Additionally, 𝑡M denotes the
mission time, ranging from 0 to a specified time interval (30 years
in this paper) with specific time steps (0.05 years in this study). In
each trial, all SMs (SM1, SM2, SM3,…) will have random operational
intervals (𝑡1, 𝑡2, 𝑡3,…), respectively obtained from (11). Subsequently,
the mission time is compared with the random operational interval of
each SM, indicated by the marker ×. Each marker × shown in Fig. 3 is
achieved through the repetition of these trials (number of simulations)
at that specific time.

This paper assesses an MMC with the characteristics outlined in
Table 1 across various redundancy strategies. The configuration in-
cludes a minimum required number of SMs in each arm, denoted
as 𝑁min = 9. The base failure rates for the capacitor and IGBT are
provided in Table 1. To account for voltage stress and other factors, the
equations from [33], initially derived from MIL-HDBK (detailed in the
appendix) [7], are implemented. The methodology for applying MCS
to the MMC with different redundancy schemes is further elaborated
below.

3.1. FL-ARS MCS

Each arm is configured with 10 SMs to assess the MMC with FL-ARS.
The assumption is made that the minimum required number of SMs per
arm is 𝑁min = 9, and 𝑁red = 1 represents the number of redundant
SMs in each arm. The operational cycle of an arm utilizing FL-ARS is
illustrated in Fig. 2(a).

In Fig. 2(a), the FL-ARS involves the operation of all n SMs, where
only 9 out of 10 SMs are necessary for an arm to succeed. In this
stochastic trial, at failure time (𝑇s), the second failure occurs, and
𝑇s is equal to 𝑡1 of SM1. Consequently, if mission time (𝑡M) is less
than 𝑇 , it is considered a successful mission; otherwise, it is deemed
4

s

Table 1
MMC characteristics and failure rates.

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 0.6
𝐶SM SM capacitance 3.3 mF
𝑓sw Switching frequency 313 Hz
𝑁red Redundant per arm 1
IGBT FF450R33T3E3(Infineon) –
Capacitor DKTFM1*#B3367(AVX) –
𝜆base-IGBT IGBT base failure rate (MIL) 100 FIT [13]
𝜆base-Cap DC capacitor base failure rate (MIL) 100 FIT [13]

a failed mission. This experiment should be repeated, and the total
number of successes (or failures) divided by the total number of trials
yields the success (or failure) probability, as depicted in Fig. 3(a). This
representation demonstrates that the applied methodology of FL-ARS
MCS output with 1000 simulations aligns with the output results of
analytical Eqs. (2) used for calculating the reliability of MMC with FL-
ARS. Note that 1000 trials are selected to show the sporadic distribution
of trials. With a higher number of trials, the MCS will exactly match the
analytical outputs.

3.2. SRS MCS

In the case of the MMC arm employing SRS, the same number of
SMs is utilized. The operating cycle of an arm with SRS is presented in
Fig. 2(b). As illustrated, the number of operating SMs equals 𝑁min, and
the redundant SM (SM ) remains in idle mode. In this stochastic trial,
1
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the first failure occurs at 𝑡2 (in SM2), prompting the redundant SM1
o start operating at 𝑡2. Consequently, at least nine operating SMs are

required for the arm to succeed. However, the second failure occurs in
M3 at 𝑡3, leading to the arm being considered failed beyond that time.

Therefore, in this trial, 𝑇s is equal to 𝑡3, and if 𝑡M is less than 𝑇s, that
rial is counted as a success. As previously mentioned, this trial should
e repeated. The ratio between the number of successful missions and
he total number of trials yields the success probability, as shown in

Fig. 3(b). The results presented in Fig. 3(b) validate the effectiveness
of applying the SRS MCS methodology, as the analytical and MCS (1000
trials) outputs align.

3.3. LS-ARS MCS

Fig. 2(c) illustrates the operational cycle of an arm in the MMC
mploying LS-ARS. In LS-ARS, the number of operating SMs includes
he redundant SM, and unlike FL-ARS and SRS, all SMs share the
oad. Consequently, the voltage stress is lower than both SRS and FL-
RS. However, in LS-ARS, the voltage across operating SMs in healthy
onditions increases after each SM failure, leading to higher voltage
tress over time. This factor is crucial to consider. As shown in Fig. 2(c)

on the left side, if the voltage across each SM is 𝑉SM = 𝑉dc
𝑁min+𝑁red

, the
voltage stress is lower than the case where the voltage across each SM is
equal to 𝑉SM = 𝑉dc

𝑁min
. Therefore, in this stochastic trial, the operational

time of SMs in the former case (𝑡1, 𝑡2,… , 𝑡10) will be higher than in the
latter case (𝑡’’1, 𝑡’’2,… , 𝑡’’10).

After calculating the first step, the second step for evaluating the
MCS of an arm under LS-ARS is presented in Fig. 2(c) on the right-
and side. At time 0, all the SMs are operational and share the load.
hen at 𝑡2, SM2 fails, the remaining SMs operate with higher voltage

stress. Hence, the remaining SMs’ lifetime reduction can be calculated,
as shown in Fig. 2(c) on the right-hand side, such as for SM6 where the
perational lifetime is equal to 𝑡2 + (𝑡’’6 − 𝑡’’2). Then 𝑇s is calculated, since
t 𝑡1, SM1 fails in this stochastic trial, 𝑇s = 𝑡2 + (𝑡’’1 − 𝑡’’2). After obtaining
he operation cycle of MMC under LS-ARS, 𝑡M is compared with 𝑇s.

3.4. Error assessment: MCS vs. Analytical methods

This section assesses the difference between MCS and analytical
methods given by (13). The outcomes of this evaluation are visually
depicted in Fig. 4, which indicates that if the number of trials exceeds
0,000, it can be inferred that the error between analytical and MCS
esults is approximately 1%, which can be neglected.

Error(%) = |

𝑅MMC-MCS − 𝑅MMC-analytical

𝑅MMC-analytical
| × 100 (13)

4. Implementation of MCS in grid specific applications

This section will explain how the MCS solves several problems
where providing an analytical solution is challenging or unavailable in
he literature.
5

o

Fig. 4. Examining uncertainty of MCS results compared to analytical methods.

Table 2
Impact of redundancy schemes on the operational characteristics of the MMC.

Voltage stressa Operational lossesb

FL-ARS unchanged unchanged
SRS unchanged unchanged
LS-ARS changes changes

a Across IGBTs and capacitor bank.
b Including conduction and switching losses.

4.1. Redundancy strategies for mission profile method

Conventional reliability evaluation methods for MMCs have ana-
lytical solutions when considering diverse redundancy strategies and
applying MIL methods. The mission profile methods struggled to ac-
ommodate the complexity of different redundancy strategies beyond
L-ARS. Specifically, the mission profile method restricted evaluation
o FL-ARS due to analytical constraints, leaving the reliability of MMCs
ith SRS and LS-ARS unaddressed. This gap in methodology hindered a

comprehensive assessment of MMC reliability under varying operating
conditions. To achieve this, the applicability of the MCS is assessed
through FL-ARS, and the MMC’s reliability is assessed without redun-
dancy. Then, the MCS outputs for FL-ARS and without redundancy are
compared with existing analytical equations (Eq. (2)) to validate the
MCS’s effectiveness in applying the mission profile method. Then, the
MCS is extended for SRS and LS-ARS, where no analytical approach is
provided.

Considering the MMC with the given characteristic in Table 1 [9,
12,25,34]. The impact of redundancy selectors on the operational
characteristics of the MMC is summarized in Table 2.

It can be observed that under LS-ARS, the MMC needs to be reeval-
ated and modeled for 𝑁min + 1 SMs in an arm after each SM failure.
his is because the voltage stress across the remaining SMs and the
perational losses will change after every failure.
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Fig. 5. Operating cycle of MMC with FL-ARS applying mission profile method at (a) SM, (b) Arm, and (c) MMC levels.
Table 3
Shape and Scale Factor parameters [12].

T1 T2 D1 D2 Cap

n=𝑁𝑚𝑖𝑛
𝜂 5.1e3 110.4 3.1e3 5.5e3 147.3
𝛽 3.38 3.15 3.43 3.37 58.1

n=𝑁𝑚𝑖𝑛+𝑁𝑟𝑒𝑑
𝜂 5.2e3 117.1 3.2e3 5.6e3 309.1
𝛽 3.36 3.15 3.38 3.37 42.2

In this study, two conditions are considered for an arm’s operation
after the 1st SM failure:

1. When the arm is operating with 𝑁min + 𝑁red SMs (including
redundant SMs).

2. When the arm is operating with 𝑁min SMs (excluding redun-
dancy effects).

It is important to note that if there are more than one redundant SM
(𝑁red > 1) in each arm, the reevaluation process needs to be repeated
for 𝑁red + 1 iterations. This is because the characteristics of the MMC
— such as voltage stress distribution and operational losses — change
after each SM failure. To model the reliability of MMC under LS-
ARS and using the mission profile method, and since we have only
one redundant SM, the system is modeled two times for LS-ARS. The
lower row of Table 3 is added for healthy conditions and when there
is no SM failure under LS-ARS. However, if one SM fails and needs
to be bypassed, the voltage and characteristics of the system should
be adopted accordingly, and therefore, the upper row of Table 3 is
obtained. If one redundant SM is used, the output parameters improve
because the voltage stress decreases across all the SMs validated in
Table 3. To evaluate the system-level reliability of the MMC, these
numbers should be converted into failure probability density function
as well as reliability outputs as follows:
⎧

⎪

⎨

⎪

⎩

𝑓 (𝑡) = 𝛽
𝜂 (

𝑡
𝜂 )

𝛽−1𝑒−(
𝑡
𝜂 )

𝛽

𝑅(𝑡) = 1 − ∫ 𝑡
0 𝑓 (𝑡)𝑑 𝑡 = 𝑒−(

𝑡
𝜂 )

𝛽 (14)

where f(t) is the failure probability density function, and R(t) is the
reliability of the components. Within the structure of the HB-SM, there
are five components, including two IGBTs (T1 and T2), two body
diodes for semiconductors (D1 and D2), and a capacitor bank (Cap).
The successful operation of the SM requires that all these components
remain healthy, as expressed by Eq. (15).

𝑅SM(𝑡) =
∏

𝑅k(𝑡), k = T1, T2, D1, D2, Cap (15)

The methodology of applying MCS for the mission profile method
in the case of FL-ARS at arm level is presented in Fig. 5. As shown in
Fig. 5(a), by applying Eq. (12) using the data in Table 3, each compo-
nent that fails faster (in this case T2), it is considered as the lifetime
6

Fig. 6. Examining uncertainty of MCS results (10,000 trials) compared to analytical
methods.

of that SM. Then, assuming that FL-ARS is the arm-level redundancy
type shown in Fig. 5(b), where there are 10 SMs, the second failure (in
this case, SM7) is the lifetime of that arm, and the same strategy for the
MMC shown in Fig. 5(c) where 𝑡M is compared with 𝑇s to estimate the
reliability of the MMC.

In Fig. 6, the reliability of the MMC using the mission profile method
with different redundancy strategies is presented by applying MCS.
The analytical equations for the MMC without redundancy (dashed-
black line) and FL-ARS (solid-black line) are available to validate the
MCS’s effectiveness. Analytical equations for LS-ARS and SRS that
apply the mission profile method are unaddressed due to mathematical
challenges. However, by applying the MCS technique, the reliability
of the MMC can be estimated. Besides the validation by analytical
equations for FL-ARS and without redundancy, note that in the MIL
method, the superiority of the redundancy strategies is consequently
LS-ARS, SRS, and FL-ARS. The same trend can be seen in the case of
the mission profile MCS outputs.

4.2. Maintenance considering aging effects in HVDC

In practical systems, improving reliability also relies on strategies
like maintenance and stocking spares. Maintenance ensures that a
system meets required performance and reliability standards while
stocking spares provides redundancy without automatic switching, sim-
ilar to standby redundancy. Preventive maintenance minimizes the
likelihood of failures by preemptively addressing wear-out and replac-
ing the faulty parts on time. For instance, components are tested before
commissioning in power systems to avoid initial debugging failures.
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This makes the hazard rate curve of periodically maintained assets
discontinuous, as illustrated in Fig. 7.

Proper preventive maintenance can sustain high reliability over
extended periods. This impacts the components’ reliability function and
mean time to failure (MTTF). With a maintenance interval 𝑇𝑚, the
reliability function becomes discontinuous at each interval, as shown
below:

𝑅𝑚𝑎𝑖𝑛𝑡𝑎𝑖𝑛𝑒𝑑 (𝑡) =
{

𝑅𝑥(𝑡) if 0 ≤ 𝑡 ≤ 𝑇𝑚
𝑅𝑖
𝑥(𝑇𝑚) ⋅ 𝑅𝑥(𝑡 − 𝑖𝑇𝑚) if 𝑖𝑇𝑚 ≤ 𝑡 ≤ (𝑖 + 1)𝑇𝑚

(16)

𝑀 𝑇 𝑇 𝐹𝑚𝑎𝑖𝑛𝑡𝑎𝑖𝑛𝑒𝑑 (𝑇𝑚) =
∫ 𝑇𝑚
0 𝑅𝑥(𝑡) 𝑑 𝑡
1 − 𝑅𝑥(𝑇𝑚)

(17)

Here, 𝑅𝑖
𝑥(𝑇𝑚) quantifies maintenance quality, ranging from 0 to 1,

representing the success in restoring conditions to their original state
𝑥(0). The exponent 𝑖 accounts for the diminishing effectiveness of

ubsequent maintenance activities. While shorter maintenance intervals
ield better performance, practical constraints like time and resources
imit this choice.

The primary goal of maintenance is to reduce the probability of
omponent or system failure by restoring normal operating conditions.

This restoration directly influences the reliability modeling of com-
ponents. The reliability function of a maintained MMC arm can be
expressed as shown in (16). This model assumes a perfect periodic
maintenance strategy, where the arm’s reliability is fully restored to
its initial state after each maintenance interval. This is depicted in
Fig. 8, approximating the scenario where all SMs are inspected, and
aulty SMs are replaced at regular intervals. However, only the replaced

SMs are restored, not the entire arm. Despite this limitation, prior
research [35] shows that the error introduced by this assumption is neg-
igible (≤ 0.1%) for typical redundancy levels, making it a reasonable
implification.

The introduced methods lack accuracy because they do not account
or the system’s mixed composition after maintenance. Specifically, the
ystem consists of two groups of SMs: newly replaced SMs reset to their
riginal ‘‘as-new’’ condition and operational SMs that have been in use
nd experienced wear. These groups have different failure probabilities,
aking the overall reliability more complex to model. Analytically, it is

hallenging to track the age and condition of each SM, compute their
eliability, and aggregate this into a system-level measure. The inter-
ctions between new and aging SMs further complicate the analysis
ue to their evolving failure rates. As a result, traditional analytical
ethods struggle to capture the system’s reliability under maintenance

ccurately. This limitation highlights the importance of simulation-
ased methods, which can better model such systems’ dynamic and
7

stochastic nature. To assess the advantage of MCS over analytical equa-
tions, this part is designed to simulate real-life scenarios in the context
of HVDC-MMC. In HVDC-MMC, operations and maintenance (O&M) are
crucial for ensuring continuous functionality. MCS emerges as a potent
solution. Through MCS, it becomes feasible to determine the optimal
umber of redundant SMs required in each arm, ensuring uninterrupted
MC operation. Moreover, the MCS methodology empowers us to

estimate the annual frequency of maintenance, the number of faulty
Ms, and how often staff intervention is needed.

This study adopts a dynamic preventive maintenance strategy based
on the number of active redundant SMs in each arm of the system.
For this purpose, the hot-reserved redundancy is detailed in Sections
2 A and 4 A. Also, for maintenance applications, aging effects are
considered by applying a variable failure rate outlined in Section 3
(mission-profile Eq. (12)). In dynamic preventive maintenance, If there
is only one active SM in an arm, replacement should be initiated after
the first failure occurs in that specific arm. Maintenance should be
erformed after the second failure when two redundant SMs are in
ach arm. It is crucial to note that if faulty SMs are present in other
rms, they should also be replaced. Similarly, when each arm contains
hree redundant SMs, maintenance should be conducted after the third
ailure, along with replacing faulty SMs in other arms. This mainte-
ance approach ensures the operational continuity of the MMC, as there
ill always be at least a minimum number (𝑁min) of operational SMs
vailable.

To enhance understanding of MCS working principles, Fig. 9 is
ncluded in this study. For simplicity, the figure considers an MMC

configuration with six SMs in each arm, of which two are redundant.
The results illustrated in Fig. 9 depict a trial scenario where the initial
wo failures occurred in arm 1, and arm six had previously encountered
ne failure (assuming no failures in other arms). Consequently, main-
enance will be conducted shortly after the second failure in arm 1,
eplacing three faulty SMs with spare ones. It is essential to emphasize
hat this trial should be repeated multiple times to ensure statistically
eliable results. Taking an example of the MMC in [34] with 𝑁min = 200
nd 𝑁red = 8, the MCS results are presented in Fig. 10. The data

(such as 𝛽 and 𝜂 for each component) used for this evaluation are all
adopted from [34] given in Table 4. In Fig. 10(a), it is estimated that

ithin 20 years of operation, eight times of maintenance is required for
this particular MMC. Furthermore, Fig. 10(b) shows that the estimated
number of potential SM failures that will be replaced with new SMs
within the same period is around 233 SMs.
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Fig. 8. Reliability function of the MMC considering (a) perfect periodic maintenance and (b) perfect preventive maintenance.
Fig. 9. Operating cycle of the MMC considering dynamic maintenance with 6 SMs in
each arm, including two active redundant SMs (𝑁min = 4, 𝑁red = 2).

Fig. 10. MCS results (10,000 trials) for MMC with 𝑁min = 200 and 𝑁red = 8 (in
20 years) (a) the distribution of the estimated number of required O&M with 𝜇 = 8
and 𝜎 = 0.798 (b) the distribution of the estimated number of SMs that will be replaced
with 𝜇 = 233 and 𝜎 = 17.43.

Table 4
Shape and Scale Factor parameters [34].

T1 T2 D1 D2 Cap

𝜂 836 37.2 495 378 63.6
𝛽 2.58 2.42 2.57 2.54 14.7
8

Fig. 11. Analytical and MCS computation time outputs for SRS and FL-ARS with
varying trials.

Table 5
MCS computation time of SRS and FL-ARS for 10000 trials with different computer.

Computer 1 (s) Computer 2 (s)
SRS 45.672 27.89
FL-ARS 5.906 4.25

5. Computation time for Monte Carlo Simulation

Fig. 11 presents the computation time of MCS concerning the num-
ber of trials compared to the analytical solution for different redun-
dancy strategies for the MMC. The results indicate that SRS has a higher
computation time compared to FL-ARS, and this difference grows as the
number of trials increases.

Fig. 12(a) shows that MCS has comparable computation time inde-
pendent of 𝑁min for FL-ARS and 𝑁min > 20 for SRS. On the other hand,
Fig. 12(b) shows that a higher level of redundancy results in increased
MCS computation time. In this investigation, the computation time of
MCS is compared on two different computers: Computer 1 (Laptop)
and Computer 2 (PC). Computer 1, equipped with an 11th Gen Intel(R)
Core(TM) i7-1185G7 @ 1.80 GHz, 16 GB RAM, and a 512 GB SSD, was
compared against Computer 2, featuring an upgraded configuration
with 12th Gen Intel(R) Core(TM) i5-12500 @ 3.00 GHz, 8 GB RAM, and
a 512 GB SSD. The results unequivocally demonstrated that Computer 2
exhibited significantly improved performance in terms of computation
time. The enhanced configuration of Computer 2, featuring a faster pro-
cessor, enabled it to process the simulation 35% faster than Computer
1 (see Table 5).

6. Conclusion

This study proposes a detailed procedure for applying MCS with
different redundancy strategies for MMC. The advantage of using MCS
is demonstrated through its application in MMC maintenance, which
poses challenges when analytical methods are employed. Also, the
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Fig. 12. Analytical and MCS computation time outputs for SRS and FL-ARS with
a) varying number of levels for 10000 trials, (b) varying number of redundancy
𝑁min = 51).

reliability of the MMC with SRS and LS-ARS using the mission profile
ethod, which was unaddressed, can be easily estimated by applying

MCS. Additionally, the error in applying MCS is found to be less than
1% when the number of trials exceeds 10,000. MCS with FL-ARS took
significantly lower computation time than SRS, particularly for more
trials. For example, for 10,000 trials, it took approximately 45 s for
SRS while only about 6 s for FL-ARS with 𝑁min = 9. It is interesting to
observe that MCS for MMC with more SMs has comparable computation
time, particularly when N>20. For example, it still takes approximately
6 s for FL-ARS with 10 times higher SMs (𝑁min = 50 for 10,000 trials).
While an increase in redundancy results in a higher computation time,
articularly for SRS. Overall, the proposed MCS approach provides
 valuable tool for analyzing the performance of MMC systems. It
an help engineers optimize the reliability-based design by digitizing
uch systems and plan application-dependent preventive maintenance,
hich is impossible with analytical equations.
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Appendix. MIL

In Tables A.6 and A.7, the failure rate of capacitors and IGBTs by
applying the methodology in MIL-HDBK is given, respectively.

Table A.6
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
𝑇𝑎+273

− 1
298

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

Table A.7
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

In which 𝑇a is the capacitor ambient temperature, 𝑇j is the IGBT
junction temperature, C is the capacitance in 𝜇 𝐹 , and 𝜋x is different
factors affecting the components failure rates specified in [7].

Data availability

Data will be made available on request.
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