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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 CIN-WR Normalized CI with redundancy.

Variables CIwor Total CI without redundancy.

ACI Variation in capital investment between redun- FE; Yearly energy losses.
dancy strategies. k Minimum number of SMs.

AE; Difference in cost savings between redundancy & Minimum number of SMs for different switch
strategies. ratings.

n(t;) Efficiency. kmax Capacitors voltage ripple.

Abase-cap  Capacitor base failure rate. MTTF Mean time to failure.

Abase-iIgBT 1GBT base failure rate. na Number of active redundant SMs within each arm

Ay Failure rate of different components. (for MRS).

Bio Point in time when the system has a 90% proba-  Nieq Number of redundant SM in each arm for SRS,
bility of survival. FL-ARS, and LS-ARS.

CINowor  Normalized CI without redundancy. ns Number of spare redundant SMs (for MRS).

CIn.wrx  Normalized CI with redundancy for various NrRreq Total of redundant SM for different redundancy
switch ratings. strategies.
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Paye Annual average loading.
P, Electricity price.

R(1) Reliability function.

Ram-x(t)  Arm reliability function with various redundan-
cies.

Y3 Safety factor of IGBT.

SMmc Rated power.

TogMm Maintenance period.

Vie DC-link voltage.

ViGeT IGBT rated voltage.

S; 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: Tt is also known as hot-reserved redundancy;

only k SMs are active, while redundant SMs remain
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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 + Niqg
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

Reference Red? Mod? Maintenance Cost Gen?®
[12]-[16] v
[17] v v v
[18]-[20] v v
[21] v v v
[22] v v
[23] v v v v
[24]-[26] v v v
[27] v v
This paper v v v v v

1 Redundancy i Modularity
§ Generalization (various MMC characteristics)

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: ns and ng 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 n, in each arm and accurately estimates
ng, 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 Vg, 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 By lifetime requirement, com-
ponent FR, cost, and power capacity (see Section IV).

4) Itrecommends 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 VL.
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TABLE 2. MMC Characteristics and FRs

Symbols  Value

kx T

Ve 10 - 400 kV

Smmc 5.9 - 235.3 MVA

Vieer x €{1.2, 1.7, 3.3, 4.5, 6.5} kV*
kmax 10%

St 0.65

Abase-1GBT 100 FIT [20]

Abase-Cap 100 FIT [20]

F Changes based on the selected IGBT rated voltage
+ Switch models are given in Appendix

Il. METHODOLOGY
A. SYSTEM DESCRIPTION AND ASSUMPTIONS
In Table 2, the characteristic of the considered system is
shown.
ky that are required for each arm is estimated as follows:

kmax X Vdc:|
St X VIGBT

ky = Ceil |: (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 (ng) 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 n, 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 (np). 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 £ SMs in the arm, allowing for timely
maintenance planning.
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Reliability block diagram of the MMC for MRS
1* hierarchical level: converter

1
=
=
=

4

There is no physical |

connection, spares SMS | ety
X | iSM il

are replaced during O&M | PMn—§ |

WLIR $[DAJ] [BOIYDIRIANY py,

3 hierarchical level: SM

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, n, remains
significantly lower than conventional redundancy strategies.
For instance, with ny = 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 ng
during maintenance.

So, there can be different combinations of active per arm
(na) with spare (ng) 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 ny = 1 and ng = 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 (1).

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
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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 r with k + na level, and by each SM failure, one
spare SM is substituted in a short time (if ny = 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 4+ na SMs left in each arm and the MMC operates
with n active redundant SM for time interval ¢ to ¢.
Fig. 3(a) and 3(b) shows the graphically represented re-
liability functions R;(¢#) and Rp(t) for events 1 and 2,
respectively.
Ri(¢) is mathematically given by (2) using the Poisson
distribution with ng spare redundant SMs
s i
Ri(1) =PIN(t) <nl =) @ew 2)
=
Ase = (MGBT_1 + MGBT_2 + Acap) X 6 X (k+mna).  (3)

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

Asc = (MGBT_1 + AMGBT_2 + Acap) X k. “4)

The derivative of R (t) at f; gives the probability of ng failures,
with which the reliability function R'( — 1) with active-only
modules without any remaining spares SMs is weighted to
estimate R,(¢) as follows:

t
Rz(l)=/ _iRl(ll)XR/(f_tl)dtl- Q)
n=0 dn
Note that with 1 =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 R;(¢) and R,(t)
are mutually exclusive, the MMC reliability with the MRS
(Rymrs) can be calculated as

Ryvrs (1) = Ry (1) + Ro(2). (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,

VOLUME 5, 2024
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Converter failure

k+1 Level . k-1 Level
ettty I
| ! | | :
: Failure Failure : Failure :Failurc :
: in SM, in SMy_, | in SM; Lin SMy| 1
: — — LY Y Y Y Y Jp——" p—
. () @ | 0 G|
i i | '
1 | | !
1 1 | !
| I ! i
“==77""=" Due to SMs failure in other=~ :
arms, all the spares SMs have]
; been used
SM3_giSM, g i
4 spare SMs 3 spare SMs 2 spare SMs 0 spare SMs 0 spare SMs 0 spare SMs
L (@) (©) (©) (2 | (i) ! U
Event 1 Event 2

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 SM; with spare SM.s during maintenance, (c) healthy condition (No. operational SMs: k + 1, No. available spare SMs: 3), (d)
transition of replacing faulty SM;_.a with spare SM,.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

SM, that leads to (I) converter failure.

R,

f(t)

t Time

@

-d/dt1 R1 (tl)

f(t)

1 t
Time

(b)

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

1 1 -
x  MCS
0.8 [ 0.8 MRS (analytical)
2 2
=06 X =06
2 2
2 0.4 E 0.4 o
quation (6)
0.2 Equation (6) 0.2
0 0
0 10 20 30 40 0 10 20 30 40
Years Years
(a) (®)

FIGURE. 4. Validation of the proposed scheme using MCS with (a) 1000
trials and (b) 10000 trials.

in the MMC with 10 MVA, and 17 kV Vg, 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 Bjq lifetime is 20 years, this requirement can be
met with 15, 18, and 20 SMs with n4 equal to 1, 2, and 3. This

VOLUME 5, 2024

351 % Ls-ARS ]
% MRSwithn, =1 S
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301 o MRS withn, =2 = o o
_ ¢ MRSwithn, =3 o o o
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L l¢)
Ne) S o
[} - 4
£ s %
= o o
[
= | S o * ]
= 15
o % o

scx o
10+ 1
= *
71
5t X i
*
5 10 15 20

Number of redundant SM for MMC

FIGURE. 5. By 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.

1lIl. 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

Item MV  HV
Vie (kV) 17 320
Viger (kV) 33 33
k 9 200
Redundant per arm 2 16

Switching frequency (Hz) 313 150

e _ By lifetime |

05¢

Reliability

=
AN

=
~

Reliability

o
o

=)

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 np = 1 and ng = 6. In the HV
scenario, conventional redundancy strategies entail 16 redun-
dant SMs in each arm. However, the MRS scheme specifies
na =4 and ng = 12 x 6 = 72. Why these specifications are
selected will be scrutinized in Section V.

From Fig. 6(a), it can be observed that By 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.
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Number of redundant SM for MMC  Number of redundant SM for MMC
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FIGURE. 7. By lifetime of the MMC with various redundancy schemes for
(a) MV and (b) HV.

2000 2000

Z 1500 Z 1500
- =
] ]
= =

= 1000 = 1000
= =
= s
s =

< 500 < 500

0 0

0 50 100 0 50 100
Loading (%) Loading (%)
(a) (b)

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

Fig. 7 shows the increase in achieved By 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 By 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

E, = / (100 — n(1)) x Swnic )

Where Y specifies the redundancy type, Ej, is in watthour,
and Sy 1S 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). E; 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. E; INMWh(B;o = 10 YEARS)

Type Annual Pyye LS-ARS FL-ARS SRS MRS

MV 38% 252.2432 2653572  231.4225 231.9384
MV 57 % 400.6433  443.6719  355.5387  360.3674
HV 38% 3508.55 3532.81 3377.12 3397.54
HV 57 % 4901.44 4926.25 4791.02 4803.52

various redundancy schemes concerning both case studies of
annual loading (see Fig. 8) are given in Table 4 for Bjp = 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 I'V.

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
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TABLE 5. CI IN Euro OF 10-MVA 17-kVMMC WiTHOUT REDUNDANCY

Components Total cost
IGBT 855424
Gate Drive 9737.82
Heat Sink 9409.66
Total Capacitance ~ 23399.28
Power Supply 5731.34
Sensors 2038
Control Board 1670
(O&M) 10%
Design cost 30%
C'Iwor 192539.9

are used for various loading and Vg, 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

ClIwor
Cln- = 8
N-WoR Sy (KVA) (®)
Clvwo
CINwRx = % X (ky X 6 + Nt.red) )
X
Mooy = | Nea <6 forFL,SRS.LS |
o 6 x np +ng, for MRS
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FIGURE. 10. Feasibility boundary for SRS and MRS as a function of yearly
average loading and V. (payback = 10 years, B;o = 10 years).

where Clyr is from Table 5 in €, CIN.wor is in €/kVA, and
CInowr-x 1s in €/kVA for various switches (x €{1.2, 1.7, 3.3,
4.5,6.5kV}), and Nt.req 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:

ACI
Payback = — (11)
S;
Si = [ AE; x P, (12)

where AE; is in kilowatthour, and P; 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 Byg = 10 years
as a function of Vg, (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
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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 Lpoundary (dash-dotted line blue) indicates the operating
conditions where the MRS is more economically viable. The
left-side region of Lyoundary (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 Lygundary i shown in Fig. 10, given as
follows:

100 (13)

select MRS.

if Loading m(Vge — Veer) = 0, select SRS
else,

The parameters m and Vier are provided in Table 6.

A. SENSITIVITY ANALYSIS

Sensitivity analysis describing the shift in this defined
Lpoundary With respect to different By lifetime requirements,
FR, CI (P), 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 By
lifetime requirements. For example, the SRS is preferred for
both 38% and 57% loading with a 40 kV Vj. if the re-
quired By lifetime is five and ten years, while the MRS is
viable when the required B¢ lifetime is increased to 20 years.
Fig. 11(b) suggests that there is a limited dependence of the
Lpoundary 0n the MMC loading when a higher FR is consid-
ered. However, the Lyoundary 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 V4. between 10 and 400 kV will increase the power
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FIGURE. 11. Displacement of L,qynqdary as a function of yearly loading and V. (ten-year payback) with a variation of (a) By, (b) FR, () CI, and (d) O&M of

the MRS.

TABLE 7. OpTIMAL DESIGN OF VARIOUS MMC

Vae? | Power Saving by applying MRST

Rel | vy | oaw) | ReA ) 5 T 58% Prawe! = 57
[17] 54 30 ARS (31) 109 K€ 278.7 K€
[35] 100 100 ARS (32) 606.5 K€ 577.7 K€
[36] 300 210 ARS (10) 935.8 K€ 948.2 K€
[33] 320 500 ARS (8) 4.624 M€ 5.163 M€
[37] 400 800 ARS (8)* 1.793 M€ 3.742 M€
[37] 640 1200 ARS (8)* 3.156 M€ 5.976 M€
[38] 640 1000 ARS (20) 3.954 M€ 4318 M€

8 pole to pole voltage * 8% redundancy is assumed
T Annual average loading of MMC shown in Fig. 8
# The savings are calculated for Bjg = 10 years and includes operational
losses and CI

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

Advantages
e Improved reliability with higher
B10 lifetime.

Disadvantages

* Complexity in implementation.

e Flexibility in choosing the num-
ber of active and spare redundant
SMs.

* Reduced operational losses and
better efficiency.

e Applicable across various con-
ditions, allowing for accurate cost
estimation and optimal design.

» High sensitivity to the exact cost
of O&M.

¢ SRS can achieve higher efficiency
in some scenarios.

¢ Requires detailed and well-
planned maintenance schedule.

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 u, Vier = 10 kV),
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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
MTTF,, considering Tog is given as follows [19]:

7O Ry x (1)t
11— Rarm—x(TO&M) .

MTTFym = (14)
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FIGURE. 13. Required number of n, in each arm for the MRS scheme as a
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FIGURE. 14. MCS results (10 000 trials) for MMC with k = 48 and n = 2
within the period of B;o = 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 (n,) is
shown for the MRS scheme considering the required MTTF as
a function of V. and Tpgn. It can be observed that n, must be
increased to increase Tpgwm, 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 ng = 2, demonstrating that maintenance is
required approximately six times over a ten-year By 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
V4c. 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 V. 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 V. between 270 and
400 kV, three active redundant SMs (ny = 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 Vj.. 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 Vg values of 28, 90, and 177 kV. These
variations are attributed to changes in modularity induced by
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FIGURE. 15. MCS results (10 000 trials) for estimating the number of
maintenance frequency in the period of By, = 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 n, 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
(B1p) period. As observed in Fig. 16, an increase in the number
of active redundant SMs (n,) within each arm results in a
reduction in the number of faulty SMs experiencing a lifetime
of Bjp = 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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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 Bjp = 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 (n4), and spare SMs (ng) 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 Bjq lifetime in-
creases. Some dependence on increasing dc-link voltage is
also observed, especially for higher Bjo 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
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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

‘/IGBT (kV) Model
1.2 FF450R12ME4
1.7 FF450R12ME4
33 FF450R33TE3
4.5 FZ800R45KL3
6.5 FZ500R65KE3

TABLE 10. SwitcH CHOICE RATING CURRENT OF 960 A

Viger (kV) Model
1.2 FF600RME4C
1.7 FF1000R17IE4P
33 FZ1000R33HE3BPSA1
4.5 FZ1000R45KL3B5
6.5 FZ500R65KE3 (Two parallel)
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