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ABSTRACT Modular multilevel converters are favorable for efficiently operating high-power usages. The
required number of components significantly increases when higher modularity is introduced for the given
voltage level, thus reducing the system’s reliability. This article suggests a mixed redundancy strategy (MRS)
that combines the operational concepts using active and spare redundant submodules. It is shown that more
than 50% higher B10 lifetime (the point in time when the system has a 90% probability of survival) is
achievable as compared to reliability improvement using fixed-level active redundancy strategy, load-sharing
active redundancy strategy, and standby redundancy strategy with the same number of redundant submodules.
The tradeoff between operational efficiency and investment cost is explored to define the boundary for
selecting the MRS over other redundancy strategies with varying dc-link voltages and average converter
loading, considering a ten-year payback period and equivalent B10 lifetime. The change in viability boundary
for the MRS is established with increasing B10 lifetime and its sensitivity to power electronic component
costs and assumed failure rate. The effect of power capacity with a higher switch current rating is evaluated.
Also, the Monte Carlo simulation methodology is proposed to evaluate the practicality and effectiveness of
the proposed MRS scheme. Finally, the insights of this study are applied to existing literature.

INDEX TERMS Cost assessment, mixed redundancy, modular multilevel converter (MMC), Monte Carlo
simulation (MCS), redundancy methodologies, reliability analysis.

NOMENCLATURE
Variables
�CI Variation in capital investment between redun-

dancy strategies.
�Ei Difference in cost savings between redundancy

strategies.
η(ti ) Efficiency.
λbase-Cap Capacitor base failure rate.
λbase-IGBT IGBT base failure rate.
λx Failure rate of different components.
B10 Point in time when the system has a 90% proba-

bility of survival.
CIN-WoR Normalized CI without redundancy.
CIN-WR-x Normalized CI with redundancy for various

switch ratings.

CIN-WR Normalized CI with redundancy.
CIWoR Total CI without redundancy.
El Yearly energy losses.
k Minimum number of SMs.
kx Minimum number of SMs for different switch

ratings.
kmax Capacitors voltage ripple.
MTTF Mean time to failure.
nA Number of active redundant SMs within each arm

(for MRS).
Nred Number of redundant SM in each arm for SRS,

FL-ARS, and LS-ARS.
nS Number of spare redundant SMs (for MRS).
NT-Red Total of redundant SM for different redundancy

strategies.
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Pave Annual average loading.
Pt Electricity price.
R(t ) Reliability function.
Rarm-x(t ) Arm reliability function with various redundan-

cies.
Sf Safety factor of IGBT.
SMMC Rated power.
TO&M Maintenance period.
Vdc DC-link voltage.
VIGBT IGBT rated voltage.
Si Disparity in energy savings between redundancy

strategies.

Acronyms
CI Capital investment.
FIT Failure in time.
FL-ARS Fixed-level active redundancy strategy.
FR Failure rate.
HV High voltage.
IGBT Insulated gate bipolar transistor.
LS-ARS Load sharing active redundancy strategy.
MCS Monte Carlo simulation.
MMC Modular multilevel converter.
MRS Mixed redundancy strategy.
MV Medium voltage.
O&M Operation and maintenance.
SM Submodule.
SRS Standby redundancy strategy.

I. INTRODUCTION
MMCs are used in MV, HV, and high-power applications
to achieve an efficient and scalable solution with improved
power quality [1], [2].

Extensive research relevant to MMC’s control, model-
ing, configuration, and protection strategies has been carried
out [3], [4]. In grid-connected power electronic converters, re-
liability evaluation is mostly carried out by focusing on three
distinctive levels, namely, component [5], [6], converter, and
power system, to enhance reliability. At the component level,
the mission profile and physics of the components (power
switches and capacitors) are targeted to improve reliability. At
the converter level (this study focus), various methodologies,
such as redundancy, modularity, and reconfigurability, are
used to enhance reliability [7]. At the power system level [8],
[9], [10], reliability improvement is achieved by applying
different methods, such as protection and n − 1 contingency
design.

Safe and seamless operation of the MMC system is
paramount and represents the primary focus of reliability stud-
ies. To address this concern, redundancy concepts, as outlined
in various studies [11], [12], [13], [14], [15], [16], have been
established as effective methods for ensuring normal postop-
eration in the MMC when SMs encounter failures. Several
strategies exist for managing redundant SMs.

1) FL-ARS: It is also known as hot-reserved redundancy;
only k SMs are active, while redundant SMs remain

powered. The triggering signal randomly activates k
SMs, ensuring that all SMs take turns operating.

2) SRS: It is known as cold-reserved redundancy; k SMs
are always active, while redundant SMs remain idle. An
active SM is bypassed upon failure, and the redundant
SM will start operating.

3) LS-ARS: In this redundancy strategy, the redundant SMs
are operational, distributing the load among k + Nred
SMs, resulting in a lower operating voltage for each SM
than SRS and FL-ARS.

It is crucial to acknowledge that implementing redundancy
involves additional upfront investment and potential opera-
tional losses, comprehensively addressed in [17], [18], [19],
and [20]. For example, in [12], a reliability model is presented
for MMCs, comparing two SM types, concluding that the indi-
vidual device SM is most efficient for converter reliability and
power loss. Xu et al. [13] introduce a reliability analysis model
for hybrid MMCs and propose new principles to optimize the
design of redundant SMs, ultimately enhancing overall system
reliability. Xie et al. [15] give detailed reliability models for
hybrid MMCs in different applications, including active and
passive redundancy schemes. In [17], a systematic criterion
for selecting multilevel converters is outlined for MV applica-
tions, considering reliability, redundancy, efficiency, and cost
factors.

Modularity, as highlighted in [21], [22], and [23], repre-
sents another critical concept that significantly influences the
reliability, efficiency, and overall cost considerations of the
MMC. Ahmadi et al. [23] present a methodology for select-
ing the optimal switch voltage in MMCs based on cost and
reliability tradeoffs, showing that it depends on factors such
as dc-link voltage, average loading, and component reliability
estimation methods. Huber and Kolar [21] discuss selecting
the number of cells in the converter for MV applications, con-
sidering tradeoffs in efficiency, power density, and reliability.
Redundancy options are also explored, providing a compre-
hensive perspective for designing high-power MV converter
systems. In [22], a reliability-focused design methodology is
proposed using a case study of a 17-MVA/13.8-kV MMC. It
demonstrates that 3.3-kV devices offer the best tradeoff.

The maintenance concept [19], [24], [25], [26] for MMC
is crucial to avoid unscheduled outages. It encompasses
preventive, periodic, and protective maintenance. Planned
maintenance involves replacing faulty SMs within the MMC
structure. However, this maintenance necessitates a system
shutdown, incurring substantial costs and requiring thorough
planning. In [24], a reliability-centered maintenance approach
is elaborated with dual redundancy, optimizing maintenance
intervals based on dynamic operation states. This model aids
in choosing redundancy strategies and maintenance decisions.
In [19], a reliability model incorporates preventive mainte-
nance; the model evaluates reliability indices, maintenance
intervals, and cost considerations, indicating the choice be-
tween SRS and LS-ARS. Feng et al. [25] introduce a dynamic
preventive maintenance strategy in wind power systems, opti-
mizing redundancy and maintenance intervals to reduce costs
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TABLE 1. REVIEW OF THE EXISTING RELIABILITY-RELATED DESIGN OF THE MMC

while maintaining reliability. Table 1 presents an overview of
previous research endeavors documented in the literature. In
this study, a comprehensive examination of MMC design is
undertaken by applying a new redundancy strategy, encom-
passing facets such as redundancy, modularity, maintenance,
cost considerations, and generalization, including considering
different dc-link voltage and loading scenarios.

This article introduces the MRS, and Section II provides
a comprehensive explanation of its operational principles. In
the MRS operational mode, two important parameters come
into play: nA and nS available for the MMC. During mainte-
nance procedures, these spare SMs can substitute faulty SMs
across all arms. The MRS suits various MMC applications,
including those with different maintenance planning, dc-link
voltage, and annual average loading. MRS determines the
optimal number of nA in each arm and accurately estimates
nS, the number of spare SMs slated for replacement during
maintenance. This allows for consideration during the initial
design phases, enabling a more accurate estimation of the
capital cost, encompassing cost, redundancy expenses, and the
number of spare SMs designated for replacement. Therefore,
based on the characteristics of the system, such as defined
dc-link voltage, loading, and maintenance schedule, MRS en-
sures an optimized selection. It allows for the minimization
of nA based on the maintenance frequency, resulting in re-
duced capital costs, operational losses, and control simplicity
(achieved by utilizing fewer SMs).

This work presents the following key contributions.
1) This article develops a reliability assessment method for

the proposed scheme and validates it using the MCS
method (see Section II).

2) It establishes the economic viability boundary for the
proposed scheme with varying Vdc and average an-
nual loading by investigating the tradeoff between
investment cost, operational losses, and reliability (see
Section III).

3) It defines generalized viability boundary for MRS using
sensitivity to changes in B10 lifetime requirement, com-
ponent FR, cost, and power capacity (see Section IV).

4) It recommends the optimal arm-level redundancy, main-
tenance frequency, and replacement criteria for the
proposed scheme considering different scenarios (see
Section V).

The main conclusions of the study are presented in
Section VI.

TABLE 2. MMC Characteristics and FRs

II. METHODOLOGY
A. SYSTEM DESCRIPTION AND ASSUMPTIONS
In Table 2, the characteristic of the considered system is
shown.

kx that are required for each arm is estimated as follows:

kx = Ceil

[
kmax × Vdc

Sf × VIGBT

]
. (1)

The IGBTs and capacitors are the main high-power SM com-
ponents that play a key role in the converter’s operation and
are relatively more prone to failure while contributing signifi-
cantly to the cost and size of the system. For the cost evalua-
tion, the system considered in [27] is used, in which the IGBT
module from Infineon Technologies, FF450R33T3E3BPSA1-
ND, with a withstand voltage of 3.3 kV is used. For the
capacitor bank, a series connection of four capacitors of
KEMET, ALS71C133QT500-ND, with 500 V and 13 mF is
considered to provide an SM capacitance of approximately
3.3 mF in accordance to the MMC designed in [28] based on
the method presented in [29].

During the operational lifespan, the FR of IGBT and ca-
pacitors depends on the temperature and voltage across them.
Hence, these limitations need to be considered in the FR for-
mula of the IGBT and capacitors [30] that are detailed in [23]
and are not repeated here. The FR of other auxiliary devices,
including fuses, low voltage power supply, gate drive, cooling,
and control system, also influences the converter life. These
impacts are explored in Section IV employing the sensitivity
of derived results to the higher FR.

B. WORKING PRINCIPLE OF MRS
The arm’s reliability block diagram in the MRS working mode
is shown in Fig. 1. In this scheme, spare SMs (nS) are not
physically connected to the arms, and active redundant SMs in
arms are operating identically to the LS-ARS, eliminating any
added complexity to the system. However, this scheme aims to
minimize the number of nA in each arm. During maintenance,
the spare SMs replace faulty SMs, as illustrated in Fig. 1. The
maintenance frequency in the MRS is determined by the count
of active redundant SMs in each arm (nA). For instance, if
nA = 1, maintenance is scheduled upon the failure of a single
SM in any arm. This strategy ensures continuous operation
since there are still k SMs in the arm, allowing for timely
maintenance planning.
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FIGURE. 1. Reliability block diagram of MMC’s arm with MRS working
mode.

In MMC applications, if less frequent maintenance is ex-
pected, the MRS scheme estimates that more active redundant
SMs (nA) in each arm are required. However, nA remains
significantly lower than conventional redundancy strategies.
For instance, with nA = 3, maintenance occurs after the third
failure in any arm, providing a planned operational period
with k SMs until maintenance. Simultaneously, other faulty
SMs in different arms are also replaced by spare SMs nS
during maintenance.

So, there can be different combinations of active per arm
(nA) with spare (nS) redundant SMs at the converter level
in the MRS, which will be determined based on the planned
maintenance frequency and number of the levels explored in
Section IV. The procedure for determining nA = 1 and nS = 4
is shown in Fig. 2, where only one arm is shown, but spare
SMs can be used in other five arms, which are not shown. The
arm initially will work with (k + nA) level (a). When there is
one SM failure (b), the maintenance will be performed shortly
(c), and this chain of process (d)–(f) continues until there is
no spare SM in the storage (g). Hence, the arm will always be
working with (k + nA) level until there is no spare SM in the
storage (a)–(g). After that, if another SM fails (h) in an arm,
the arm’s operation level will be k (i). Ultimately, with one
more SM failure in the k-level operating arm (j), the converter
will need to be shut down, and the converter will be out of
operation (l).

C. RELIABILITY ASSESSMENT OF MRS
The reliability is estimated based on an instantaneous
changeover similar to the methodology followed in [16] and
[20]. The concept of standby systems in [17] and [31] can
be applied to model the system behavior. According to the
reliability block diagram model of the MRS shown in Fig. 1
and the assumptions regarding the proposed scheme’s work-
ing principle, the reliability can be calculated by applying

the joint failure density approach. Therefore, considering all
the events that lead to system success are mutually exclusive,
the reliability function under the MRS working mode can be
calculated by adding the mutually exclusive events. Consid-
ering the MMC in the MRS mode, two events that led to the
system’s success shown in Fig. 2 are as follows.

1) Event 1: The MMC is operational for the time interval
of 0 to t with k + nA level, and by each SM failure, one
spare SM is substituted in a short time (if nA = 1).

2) Event 2: At time t1, the last spare SM has been substi-
tuted, and there is no spare SM left, so there are only
k + nA SMs left in each arm and the MMC operates
with nA active redundant SM for time interval t1 to t .

Fig. 3(a) and 3(b) shows the graphically represented re-
liability functions R1(t ) and R2(t ) for events 1 and 2,
respectively.

R1(t ) is mathematically given by (2) using the Poisson
distribution with ns spare redundant SMs

R1(t ) = P[N (t ) ≤ ns] =
ns∑

i=0

(λsct )i

i!
e−λsct (2)

λsc = (λIGBT_1 + λIGBT_2 + λcap) × 6 × (k + nA). (3)

Note that (2) is also used to estimate the arm’s reliability with
SRS by substituting (3) with (4) as follows:

λsc = (λIGBT_1 + λIGBT_2 + λcap) × k. (4)

The derivative of R1(t ) at t1 gives the probability of ns failures,
with which the reliability function R′(t − t1) with active-only
modules without any remaining spares SMs is weighted to
estimate R2(t ) as follows:

R2(t ) =
∫ t

t1=0
− d

dt1
R1(t1) × R′(t − t1)dt1. (5)

Note that with t1 = 0, R′(t ) can be estimated using the
Markov Chain method from [16] to calculate the reliabil-
ity with the LS-ARS. Since the two events R1(t ) and R2(t )
are mutually exclusive, the MMC reliability with the MRS
(RMRS) can be calculated as

RMRS(t ) = R1(t ) + R2(t ). (6)

D. VALIDATION OF MRS USING MCS
To assess the reliability of employing the MRS, an analytical
method is developed in Section II-C. Due to the absence
of comparable methods in the previous literature, the MCS
is employed to validate the obtained analytical results. The
outcomes are visually presented in Fig. 4 for 1000 and 10 000
trials, respectively. It demonstrates the efficacy of the pro-
posed analytical equation for calculating the reliability by
applying the MRS.

E. OPTIMAL COMBINATION OF ACTIVE REDUNDANT AND
SPARE SMS IN THE MRS
In the MRS, different combinations can be selected between
the number of active redundant and spare SMs. For example,
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FIGURE. 2. Steps of implementing MRS in one arm of the MMC. (a) healthy condition (No. operational SMs: k + 1, No. available spare SMs: 4), (b)
transition of replacing faulty SM1 with spare SM1-S during maintenance, (c) healthy condition (No. operational SMs: k + 1, No. available spare SMs: 3), (d)
transition of replacing faulty SM1-A with spare SM2-S during maintenance, (e) healthy condition (No. operational SMs: k + 1, No. available spare SMs: 2),
(f) the same sequence of events in other arms that uses the remaining spare SMs, (g) healthy condition (No. operational SMs: k + 1, No. available spare
SMs: 0), (h) transition of using redundant SM, (i) healthy condition (No. operational SMs: k, No. available spare SMs: 0), transition of another failure in
SMk that leads to (l) converter failure.

FIGURE. 3. Graphical representation for reliability functions. (a) R1(t )
corresponding to event 1. (b) R2(t ) corresponding to event 2.

FIGURE. 4. Validation of the proposed scheme using MCS with (a) 1000
trials and (b) 10 000 trials.

in the MMC with 10 MVA, and 17 kV Vdc, results for three
combinations are presented in Fig. 5. It can be seen that having
one active redundant SM in each arm and storing the rest as
spare SMs shows the best reliability outputs. For instance, if
the required B10 lifetime is 20 years, this requirement can be
met with 15, 18, and 20 SMs with nA equal to 1, 2, and 3. This

FIGURE. 5. B10 lifetime of the MMC with various combinations of active
and spare redundant SMs in the MRS.

is because, with only one active redundant SM, more spare
SMs can be shared among the arms.

For the MMCs with very high levels of modularity, more
than one redundant SM can be active in each arm. In such
cases, the optimal combination can be found based on var-
ious indicators such as preventive maintenance plans and
requirements. In the subsequent section, the reliability of
the considered system is compared between conventional
redundancies and the proposed scheme.

III. CASE STUDIES FOR COST AND OPERATIONAL
EFFICIENCY TRADEOFFS
In this study, the aim is to validate the applicability of the
MRS in both MV and HV applications. Two systems doc-
umented in existing literature [27], [32] are considered to
achieve this. Details for each system are provided in Table 3.
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TABLE 3. CHARACTERISTICS OF TWO CASE STUDIES

FIGURE. 6. Reliability outputs for two considered MMCs with dc-link
voltage of (a) MV and (b) HV.

A. RELIABILITY OUTPUTS
Taking the systems given in Table 3, Fig. 6 shows the reli-
ability results with different redundancy strategies. The MV
system implements redundancy with two redundant SMs per
arm, totaling 12 SMs. In the FL-ARS, LS-ARS, and SRS,
both redundant SMs are present in each arm. Conversely, in
the MRS, parameters are set as nA = 1 and nS = 6. In the HV
scenario, conventional redundancy strategies entail 16 redun-
dant SMs in each arm. However, the MRS scheme specifies
nA = 4 and nS = 12 × 6 = 72. Why these specifications are
selected will be scrutinized in Section V.

From Fig. 6(a), it can be observed that B10 lifetime cor-
responding to 90% reliability (dashed black) increases from
0.2 years (no redundancy, circle marker) to approximately
10 years when two redundant SMs are considered per arm
with FL-ARS (square), SRS (triangle), and LS-ARS (aster-
isk). This value almost doubles when the proposed MRS
(hexagon) is employed with the same number of redundant
SMs in the MV system. Fig. 6(b) shows that applying the
MRS scheme with the same number of redundant SMs as
conventional redundancy strategies will boost the lifetime
corresponding to 90% reliability from 6.5 to 9.2 years.

FIGURE. 7. B10 lifetime of the MMC with various redundancy schemes for
(a) MV and (b) HV.

FIGURE. 8. Yearly power demand for annual average loading (Pave) of
(a) 38% and (b) 57% [33].

Fig. 7 shows the increase in achieved B10 lifetime with the
increasing number of redundant SMs for different strategies
in both cases of MV and HV systems. The higher impact of
MRS is visible from the higher slope of the B10 lifetime as a
function of redundancy. Since the number of redundant SMs
can only be a multiple of six for conventional redundancies,
the flexibility of choosing the redundancy level to meet the re-
quired reliability targets can be an advantage of the proposed
scheme.

B. OPERATIONAL EFFICIENCY
In this section, the operational efficiency of different redun-
dancies is compared using the normalized loading profile
adapted based on the available hourly data of a substation
in The Netherlands [33] shown in Fig. 8. The yearly energy
losses of MMC with various applied redundancies can be
calculated as

ElY =
∫

(100 − η(ti )) × SMMC (7)

Where Y specifies the redundancy type, ElY is in watthour,
and SMMC is in megawatt.

Fig. 9(a) presents normalized switching and conduction
losses for different redundancy strategies for the correspond-
ing loading in the MV system. The efficiency of the MV
system is presented in Fig. 9(b), where SRS has the lowest
losses compared to other redundancy strategies. The same
results are shown for the HV system in Fig. 9(c) and 9(d). El of
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FIGURE. 9. Operational losses of the MMC for (a) switching and conduction losses in MV, (b) efficiency in MV, (c) switching and conduction losses in HV,
and (d) efficiency in HV, under various redundancy modes and loading.

TABLE 4. El INMWh(B10 = 10 YEARS)

various redundancy schemes concerning both case studies of
annual loading (see Fig. 8) are given in Table 4 for B10 = 10
years. The information gleaned from Fig. 9 and Table 4 in-
dicates that the MRS has lower losses in comparison to the
ARS, primarily due to its utilization of a reduced number of
nA in each arm. Notably, the efficiency of the MMC tends
to be higher when the SRS is employed. For applications
considering the use of SRS, the efficiency aspect becomes
significant. The applicability of the MRS in such scenarios
is examined in Section IV.

The energy savings slightly differ when a fixed loading
represents the yearly average of the hourly demand variation
of the two case studies. For example, in the MV system,
5.76-MWh annual savings are estimated when the SRS is used
instead of the MRS with a fixed loading of 57%, as compared
to 4.83 MWh from Table 4, where hourly annual load profile
is considered. The former is used in the subsequent section
to simplify the computation effort required for the sensitivity
analysis in defining the economic viability boundaries of the
proposed scheme.

C. INITIAL COST
The CI, design, and O&M costs are relevant factors for se-
lecting a proper redundancy scheme. Since different switches

TABLE 5. CI IN EURO OF 10-MVA 17-kVMMC WITHOUT REDUNDANCY

are used for various loading and Vdc, the cost (€/kVA) is
first estimated for the base system and by using the price
of the switch voltage rating of 3.3 kV. Then, it will be used
to estimate the CI with various switches. The most recent
price of components of the MMC with 3.3 kV rated switch
to calculate the CI is as follows. The IGBT price is €1584.12
per unit, the gate drive price is €180.32 per unit, and the
capacitor price is €108.33 per unit. Table 5 summarizes CI
without considering redundancy. Furthermore, the design cost
price is around 30% of the total cost.

The following steps can be followed to estimate the total
CI, including redundancy and switch ratings

CIN-WoR = CIWoR

SMMC(kVA)
(8)

CIN-WR-x = CIN-WOR

kx × 6
× (kx × 6 + NT-red) (9)

NT-red =
{

Nred × 6, for FL, SRS, LS

6 × nA + nS, for MRS
(10)

VOLUME 5, 2024 541



AHMADI ET AL.: MIXED REDUNDANCY STRATEGY FOR MODULAR MULTILEVEL CONVERTERS IN HIGH-POWER APPLICATIONS

FIGURE. 10. Feasibility boundary for SRS and MRS as a function of yearly
average loading and Vdc (payback = 10 years, B10 = 10 years).

where CIWoR is from Table 5 in €, CIN-WoR is in €/kVA, and
CIN-WR-x is in €/kVA for various switches (x ∈{1.2, 1.7, 3.3,
4.5, 6.5 kV}), and NT-red is defined in (10). Hence, the normal-
ized price, including redundancy, can be obtained. The cost
of MMC with MRS is lower than the other three redundancy
schemes due to the MMC’s lower number of redundant SMs.

D. PAYBACK
To evaluate the simple payback, the CI and the saving of vari-
ous redundancies are compared to select the most economical
redundancy strategy using the following equations:

Payback = �CI

Si
(11)

Si =
∫

�Ei × Pt (12)

where �Ei is in kilowatthour, and Pt is equivalent to
0.190 €/kWh.

IV. VIABILITY BOUNDARIES OF THE PROPOSED MRS
As highlighted in Section III-B, in scenarios where the appli-
cation of the SRS is feasible, the efficiency advantage of SRS
over the MRS is acknowledged. Consequently, the suitability
of the proposed scheme is evaluated. Also, it is crucial to
note that this comparison is made between the SRS and the
MRS because Tables 5 and 4 and Figs. 6 and 7 suggest that
the LS-ARS and the FL-ARS are less economically viable
than the MRS with the considered assumptions. When the
ARS is the chosen redundancy scheme, the MRS consistently
emerges as the optimal choice due to its lower CI and higher
efficiency. Fig. 10 shows the boundary of economic viability
(Lboundary) between the SRS and the MRS for B10 = 10 years
as a function of Vdc (10–400 kV) and loading (1–100%) con-
sidering a ten-year payback. Notably, within the 10–100 kV
range, other multilevel converter options can rival the MMC.
However, this study exclusively delves into MMC, and for

a comprehensive comparison, Abeynayake et al. [17] give
detailed findings. The optimal switch selected for each voltage
level differs based on our previous work [23]. For example,
a 1.7-kV switch is used for low loading below 50-kV dc
link, while 3.3 kV is used in the 50–100 kV and 6.5 kV is
used above about 200 kV. The current and voltage ratings of
each IGBT and capacitor are kept fixed. The right-side region
of Lboundary (dash-dotted line blue) indicates the operating
conditions where the MRS is more economically viable. The
left-side region of Lboundary (solid line red) corresponds to the
extra investment for the SRS. It has a payback of ten years
due to better efficiency than the MRS for the given dc-link
voltage and average annual loading.

A linearized general equation defined based on the two
points of A and B for Lboundary is shown in Fig. 10, given as
follows:{

if Loading
100 − m(Vdc − Vref) ≥ 0, select SRS

else, select MRS.
(13)

The parameters m and Vref are provided in Table 6.

A. SENSITIVITY ANALYSIS
Sensitivity analysis describing the shift in this defined
Lboundary with respect to different B10 lifetime requirements,
FR, CI (Pt), and O&M is presented in Fig. 11(a)–11(d), re-
spectively. In Fig. 11(a), it can be observed that the MRS
becomes more economically viable with the increase in B10

lifetime requirements. For example, the SRS is preferred for
both 38% and 57% loading with a 40 kV Vdc if the re-
quired B10 lifetime is five and ten years, while the MRS is
viable when the required B10 lifetime is increased to 20 years.
Fig. 11(b) suggests that there is a limited dependence of the
Lboundary on the MMC loading when a higher FR is consid-
ered. However, the Lboundary shift becomes loading dependent
with lower FR. Fig. 11(c) shows that the MRS will become
more economically viable if the power electronic components
are more expensive as compared to the reference converter
costs considered in Table 5. For example, the MRS is pre-
ferred over the SRS for the two considered case studies with
40-kV dc link only when considered component costs are 20%
higher. Finally, Fig. 11(d) suggests that if the O&M cost of
the MRS is higher, it will become less viable. Since O&M in
practical scenarios is important, this aspect is explored more
in detail in Section V.

B. SENSITIVITY TO CONVERTER POWER CAPACITY
In this section, the impact of the higher power rating of
the MMC is evaluated. Initially, a fixed current rating of
480 is employed, and the power of the MMC varies from 6
to 235.3 MVA by changing the dc-link voltage from 10 to
400 kV. The switch types used for this system are provided
in the Appendix (see Table 9). To evaluate the impact of
power rating, an evaluation is conducted with an increased
current rating of the converter set to 960 A. For this case, the
change in Vdc between 10 and 400 kV will increase the power
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TABLE 6. SPECIFICATIONS OF (13)

FIGURE. 11. Displacement of Lboundary as a function of yearly loading and Vdc (ten-year payback) with a variation of (a) B10, (b) FR, (c) CI, and (d) O&M of
the MRS.

TABLE 7. OPTIMAL DESIGN OF VARIOUS MMC

TABLE 8. ADVANTAGES AND DISADVANTAGES OF MRS COMPARED TO THE EXISTING

REDUNDANCY STRATEGIES

from 12 to 470.7 MVA. Therefore, appropriate switch ratings
should have been selected, as provided in Table 10 (see the
Appendix). The results depicted in Fig. 12 illustrate that the
boundary line changes trivially (m = 7.8 μ, Vref = 10 kV),

FIGURE. 12. Sensitivity of the obtained results for feasibility boundary for
the SRS and the MRS with higher rating switches.

which is negligible. It can be concluded that the selection of
MRS over other redundancy strategies is independent of the
current rating and primarily hinges on the loading and dc-link
voltage. It is worth noting that the same conclusions were
drawn in our previous study [23], highlighting that switch
rating selection remains independent of the current rating of
the MMC.

V. PRACTICALITY AND OPERATIONAL CHALLENGES
MTTFarm considering TO&M is given as follows [19]:

MTTFarm =
∫ TO&M

0 Rarm-x(t )dt

1 − Rarm-x(TO&M)
. (14)
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FIGURE. 13. Required number of nA in each arm for the MRS scheme as a
function of dc-link voltage and TO&M at 100% loading for MTTF = 20 years.

FIGURE. 14. MCS results (10 000 trials) for MMC with k = 48 and nA = 2
within the period of B10 = 10 years. (a) Distribution of the required
number of maintenance. (b) Distribution of a number of faulty SMs that is
going to be changed.

In Fig. 13, the required number of active redundant SM (nA) is
shown for the MRS scheme considering the required MTTF as
a function of Vdc and TO&M. It can be observed that nA must be
increased to increase TO&M, which will consequently reduce
the O&M costs for the MRS.

This tradeoff is investigated in more detail using the MCS.
Fig. 14 shows an example of 10 000 trials for a given MMC
with k = 48 and nA = 2, demonstrating that maintenance is
required approximately six times over a ten-year B10 lifetime.

These findings are extrapolated to various MMC configu-
rations. Fig. 15 presents the annual maintenance requirements
operating at 100% and 38% annual loading as a function of
Vdc. Based on the results of Fig. 15(a), it is suggested that
if the expected number of maintenance is once per year for a
specific application, each arm of the MMC should include one
active SM in the Vdc range of 10–33 kV. For dc-link voltages
ranging from 33 to 270 kV, two active SMs are required per
arm to ensure operational continuity. For Vdc between 270 and
400 kV, three active redundant SMs (nA = 3) are necessary.
The same results can be applied if the annual average load-
ing is 38% [see Fig. 15(b)]. Also, note that the appropriate
switch rating is considered according to [23], which depends
on annual loading and Vdc. This is evident in Fig. 15, where
variations occur based on the annual loading of the converter,
resulting in dips. Specifically, at 38% loading [see Fig. 15(b)],
these dips take place at Vdc values of 28, 90, and 177 kV. These
variations are attributed to changes in modularity induced by

FIGURE. 15. MCS results (10 000 trials) for estimating the number of
maintenance frequency in the period of B10 = 10 years as a function of
dc-link voltage at (a) 100% loading and (b) 38% loading.

the utilization of different switch ratings. By adhering to these
guidelines, the uninterrupted operation of the MMC can be
guaranteed, and the maximum number of spare SMs can be
shared. However, it is important to note that the expected
maintenance intervals in certain applications may differ, such
as every two years or every six months, as shown in Fig. 15.
The MRS scheme remains applicable in such cases, with the
corresponding number of nA in each arm. Similarly, the MCS
methodology can estimate the number of SM failures within
a specified period. For instance, as shown in Fig. 16, the ex-
pected number of failed SMs can be estimated over a ten-year
(B10) period. As observed in Fig. 16, an increase in the number
of active redundant SMs (nA) within each arm results in a
reduction in the number of faulty SMs experiencing a lifetime
of B10 = 10 years. This decrease is attributed to the decreased
voltage stress across the SMs. However, it is essential to note
that the multiplication of nA by a factor of 6 contributes to an
increase in the CI of the MMC. Similar to the observations
in Fig. 15, dips around 60 and 120 kV are evident, associated
with changes in modularity.

Therefore, implementing the MRS enables the derivation
of an optimal design for the MMC across various applica-
tions. This optimization, aligned with the O&M planning of
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FIGURE. 16. MCS results (10 000 trials) for estimating the number of faulty
SM within the period of B10 = 10 years as a function of dc-link voltage (at
100% loading).

the MMC, results in reduced operational losses and a lower
CI. Table 7 showcases the application of the MRS scheme
to previously published work and the amount of money that
can be saved in B10 = 10 years. Through considerations of
dc-link voltage, annual loading, and O&M planning (assum-
ing maintenance occurs every year), this approach facilitates
the accurate estimation of the optimal switch rating, arm-level
redundancy (nA), and spare SMs (nS) for the replacement of
faulty SMs.

In summary, the comprehensive analysis presented in this
study is encapsulated in Table 8, which outlines the key
advantages and disadvantages of the MRS.

VI. CONCLUSION
The developed analytical model estimates the weighted re-
liability of the proposed scheme based on two probability
distribution functions for converter failure as a function of
time. Unlike ARS and SRS, this assessment method is needed
because the converter reliability function structurally changes
when the redundancy strategy is modified depending on the
available spare and active SMs for MRS. Sensitivity anal-
ysis indicates that the proposed scheme becomes relatively
more economically viable when the required B10 lifetime in-
creases. Some dependence on increasing dc-link voltage is
also observed, especially for higher B10 lifetime. The eco-
nomic viability is greater when higher component costs are
considered. Furthermore, this economic boundary between
the MRS and the SRS for a ten-year payback has relatively
limited dependence on the variation in component FR. Also,
the economic viability of the proposed scheme is independent
of the power capacity, which was validated by using differ-
ent switches with higher current ratings. It was shown that
the MRS scheme becomes less favorable if its O&M cost is
higher than other redundancy schemes. The effectiveness and
applicability of the MRS scheme are validated by proposing
the MCS, in which the optimum number of active redundant
SMs in each arm is determined following the expected mainte-
nance plan. The MCS also estimates the number of failed SMs

by emulating real-life scenarios. The efficacy of the MRS is
demonstrated through its application in previously published
studies.

APPENDIX
In this section, details regarding the chosen switches are pro-
vided in Table 9 for a current rating of 480 A. In addition,
Table 10 outlines the switches selected when the current rating
of the MMC is increased to 960 A.

TABLE 9. SWITCH CHOICE RATING CURRENT OF 480 A

TABLE 10. SWITCH CHOICE RATING CURRENT OF 960 A
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Romania. He has authored or coauthored more than 120 journal articles and
500 conference papers in his research field. He is an author or coauthor of
eight books, holds seven international patents, and organized several tutorials
at international conferences. He has worked on many projects for the industry
concerning wind and wave energy, power electronic applications for power
systems such as Smarttrafo, as well as HVDC systems, and projects for smart
cities such as photovoltaic (PV) charging of electric vehicles, PV and storage
integration, and contactless charging. He participated in several Leonardo
da Vinci and H2020 and Electric Mobility Europe EU projects as a Project
Partner (ELINA, INETELE, E-Pragmatic, Micact, Trolley 2.0, OSCD, P2P,
and Progressus) and a Coordinator (PEMCWebLab.com-Edipe, SustEner, and
Eranet DCMICRO).

Dr. Bauer is the Former Chairman of Benelux IEEE Joint Industry Appli-
cations Society, Power Electronics Society, and Power Engineering Society
Chapter, the Chairman of the Power Electronics and Motion Control Council,
a Member of the Executive Committee of the European Power Electronics
Association, and a Member of the International Steering Committee at nu-
merous conferences.

546 VOLUME 5, 2024



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 0
  /ParseDSCComments false
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness true
  /PreserveHalftoneInfo true
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
    /Algerian
    /Arial-Black
    /Arial-BlackItalic
    /Arial-BoldItalicMT
    /Arial-BoldMT
    /Arial-ItalicMT
    /ArialMT
    /ArialNarrow
    /ArialNarrow-Bold
    /ArialNarrow-BoldItalic
    /ArialNarrow-Italic
    /ArialUnicodeMS
    /BaskOldFace
    /Batang
    /Bauhaus93
    /BellMT
    /BellMTBold
    /BellMTItalic
    /BerlinSansFB-Bold
    /BerlinSansFBDemi-Bold
    /BerlinSansFB-Reg
    /BernardMT-Condensed
    /BodoniMTPosterCompressed
    /BookAntiqua
    /BookAntiqua-Bold
    /BookAntiqua-BoldItalic
    /BookAntiqua-Italic
    /BookmanOldStyle
    /BookmanOldStyle-Bold
    /BookmanOldStyle-BoldItalic
    /BookmanOldStyle-Italic
    /BookshelfSymbolSeven
    /BritannicBold
    /Broadway
    /BrushScriptMT
    /CalifornianFB-Bold
    /CalifornianFB-Italic
    /CalifornianFB-Reg
    /Centaur
    /Century
    /CenturyGothic
    /CenturyGothic-Bold
    /CenturyGothic-BoldItalic
    /CenturyGothic-Italic
    /CenturySchoolbook
    /CenturySchoolbook-Bold
    /CenturySchoolbook-BoldItalic
    /CenturySchoolbook-Italic
    /Chiller-Regular
    /ColonnaMT
    /ComicSansMS
    /ComicSansMS-Bold
    /CooperBlack
    /CourierNewPS-BoldItalicMT
    /CourierNewPS-BoldMT
    /CourierNewPS-ItalicMT
    /CourierNewPSMT
    /EstrangeloEdessa
    /FootlightMTLight
    /FreestyleScript-Regular
    /Garamond
    /Garamond-Bold
    /Garamond-Italic
    /Georgia
    /Georgia-Bold
    /Georgia-BoldItalic
    /Georgia-Italic
    /Haettenschweiler
    /HarlowSolid
    /Harrington
    /HighTowerText-Italic
    /HighTowerText-Reg
    /Impact
    /InformalRoman-Regular
    /Jokerman-Regular
    /JuiceITC-Regular
    /KristenITC-Regular
    /KuenstlerScript-Black
    /KuenstlerScript-Medium
    /KuenstlerScript-TwoBold
    /KunstlerScript
    /LatinWide
    /LetterGothicMT
    /LetterGothicMT-Bold
    /LetterGothicMT-BoldOblique
    /LetterGothicMT-Oblique
    /LucidaBright
    /LucidaBright-Demi
    /LucidaBright-DemiItalic
    /LucidaBright-Italic
    /LucidaCalligraphy-Italic
    /LucidaConsole
    /LucidaFax
    /LucidaFax-Demi
    /LucidaFax-DemiItalic
    /LucidaFax-Italic
    /LucidaHandwriting-Italic
    /LucidaSansUnicode
    /Magneto-Bold
    /MaturaMTScriptCapitals
    /MediciScriptLTStd
    /MicrosoftSansSerif
    /Mistral
    /Modern-Regular
    /MonotypeCorsiva
    /MS-Mincho
    /MSReferenceSansSerif
    /MSReferenceSpecialty
    /NiagaraEngraved-Reg
    /NiagaraSolid-Reg
    /NuptialScript
    /OldEnglishTextMT
    /Onyx
    /PalatinoLinotype-Bold
    /PalatinoLinotype-BoldItalic
    /PalatinoLinotype-Italic
    /PalatinoLinotype-Roman
    /Parchment-Regular
    /Playbill
    /PMingLiU
    /PoorRichard-Regular
    /Ravie
    /ShowcardGothic-Reg
    /SimSun
    /SnapITC-Regular
    /Stencil
    /SymbolMT
    /Tahoma
    /Tahoma-Bold
    /TempusSansITC
    /TimesNewRomanMT-ExtraBold
    /TimesNewRomanMTStd
    /TimesNewRomanMTStd-Bold
    /TimesNewRomanMTStd-BoldCond
    /TimesNewRomanMTStd-BoldIt
    /TimesNewRomanMTStd-Cond
    /TimesNewRomanMTStd-CondIt
    /TimesNewRomanMTStd-Italic
    /TimesNewRomanPS-BoldItalicMT
    /TimesNewRomanPS-BoldMT
    /TimesNewRomanPS-ItalicMT
    /TimesNewRomanPSMT
    /Times-Roman
    /Trebuchet-BoldItalic
    /TrebuchetMS
    /TrebuchetMS-Bold
    /TrebuchetMS-Italic
    /Verdana
    /Verdana-Bold
    /Verdana-BoldItalic
    /Verdana-Italic
    /VinerHandITC
    /Vivaldii
    /VladimirScript
    /Webdings
    /Wingdings2
    /Wingdings3
    /Wingdings-Regular
    /ZapfChanceryStd-Demi
    /ZWAdobeF
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 900
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.00111
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 1200
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.00083
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.00063
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 5.0 e versioni successive.)
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create PDFs that match the "Suggested"  settings for PDF Specification 4.0)
  >>
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice


