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Switch Voltage Rating Selection Considering Cost-
Oriented Redundancy and Modularity-Based
Trade-Offs in Modular Multilevel Converter

Miad Ahmadi
and Pavol Bauer

Abstract—Modular Multilevel Converters (MMCs) find increas-
ing applications in medium to high-voltage systems. In such sys-
tems, reliability-oriented selection of power electronic switches
becomes essential because higher modularity implies an increased
number of components. The trade-off between the impact of higher
modularity on converter reliability is quantitatively established,
corresponding to redundancy costs for the given lifetime require-
ments. Therefore, this paper proposes a method for an optimal
choice among available market switch voltage rating for the MMC.
It is shown that the sub-modules (SMs) based on 1.7 kV switches are
the most suitable (instead of 1.2 kV and 3.3 kV switches) for two case
studies adapting data from the medium voltage grid in The Nether-
lands. Moreover, the insights from these case studies are generalized
to DC link voltage in the range of 10-220 kV and average loading
of 1-100%. The sensitivity analysis is performed for the different
failure rates (FRs), required lifetime, components cost, and energy
price. Sensitivity analysis is also performed to identify the impact
of FIDES and Military Handbook (MIL-HDBK) methods. The
impact of converter power capacity is studied under the variable
current rating. Finally, a generalized form of the proposed method
is presented and applied in the published works.

Index Terms—Modular multilevel converter (MMC),
redundancy, modularity, reliability analysis, cost assessment,
sensitivity analysis.

I. INTRODUCTION

RID-CONNECTED power electronics converter are get-
Gting more attention due to climate change, renewable
energy sources integration, and fossil-free transportation [1].
The extensive interconnection of power electronics-based sys-
tems into power grids is affecting the reliability of the system.
Modular multilevel converter (MMC) is an attractive topology
among others for medium to high voltage applications [2].
MMC is a promising candidate due to its modularity, scala-
bility, high efficiency, and superior harmonic performance [3].
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However, higher modularity consequently increases the number
of components in the system, thereby influencing the risk of
failure [4]. Therefore, the cost-effective design for reliability by
considering the trade-off between modularity and redundancy is
important [5].

For the MMC design, reliability and cost-based methods by
only considering redundancy are reported in [6], [7], [8], [9].
In [6], the cost-based model of the MMC with two redun-
dancy strategies is evaluated, and it is presented that standby
redundancy has a lower cost than active redundancy. Authors
in [7] present an optimization method by considering the cost
and redundancy aspects of the MMC with hybrid sub-modules
(SMs). In [8], a method is proposed that provides reliability
indices to plan periodic preventive maintenance for the MMC in
off-shore applications. In [9], three converter topologies, includ-
ing 2-level, 3-level neutral-point-clamped (NPC) and MMC with
fixed switch voltage rating of 4.5 kV are compared for Medium
Voltage (MV) applications. Analysis of [9] shows that using
3-level NPC is the most economical when the rated current is
below 400 A and DC link voltage is below 56 kV. If the rated
current is in the range of 500 A-700 A and DC link voltage is
above 46 kV, MMC is the most cost-efficient choice. Likewise,
for the current rated above 700 A, regardless of DC link voltage,
MMC is the most cost-efficient converter. The design of the
MMC that only focuses on redundancy are well-explored in [10],
[11],[12],[13], [14], where the system reliability is improved by
applying different redundancy strategies. For instance, in [11],
a redundancy strategy is proposed where the redundant SMs
can be shared among all arms. It is presented that with this
redundancy strategy, the number of required redundant SM is
decreased by 33% compared to the conventional redundancy
strategies.

Modularity (switch voltage rating) is another factor in the
MMC that can play an important role in the reliability and cost
(initial investment and operational loss) aspects. Few works [15],
[16], [17], [18] have reported on the design of the MMC by
considering modularity aspects of the MMC. In [15], a mission
profile method is proposed to design the 17 MW 28 kV DC
link MMC with the focus on modularity to suggest that SM
with switches of 3.3 kV voltage rating are the most reliable
and cost-efficient choice as compared to other market available
ratings. The impact of redundancy is considered in [16], and
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TABLE I
COMPARISON OF THE EXISTING LITERATURE AND PROPOSED STUDY FOR MMC
DESIGN
Reference Mod"  Red?  Cost Varying Varying
DC link vol loading
[15] 4 v v/
[16] v v v
[9] v v v v
[18] v v v
[6]-[8] v v
[10]-[14] v
Current study v v v v v

F Modularity # Redundancy

it is suggested that 3.3 kV switch is the optimal choice for
line-to-line AC side voltages between 22 kV and 58 kV in an
MYV cascaded H-bridge AC-DC converter. In [17], the reliability
of the MMC by applying individual insulated-gate bipolar tran-
sistor (IGBT) SM using Hipak style IGBTs, and series valve
SM using press-pack IGBT are compared. It is shown that using
Hipak style IGBTs has the lowest conduction losses, while for
the first few operational years, presspack IGBTs are more ef-
fective in preventing the arm’s voltage from decreasing, and the
need for installing redundant SMs decreases. [18] compares the
semiconductor with different rated voltages to find the optimum
choice based on SM utilization and losses for high-voltage direct
current (HVDC) applications. Authors conclude that HVDC in
the power range below 900 MW, 4.5 kV switch is optimal. For
the power range between 900 and 1000 MW, both switches with
rating voltage of 4.5 kV and 6.5 kV have similar performance,
while the switch with rating voltage of 6.5 kV is optimal for
power range above 1000 MW.

Table I summarizes and compares the existing literature with
the proposed method in this study. In the current paper, both
concepts of redundancy and modularity as two aspects of relia-
bility in the MMC are combined to suggest the optimum voltage
rating of the switch. Concerning costs, the insights of [15] are
extended by considering the costs associated with redundancy
and its corresponding sensitivity to different system parameters
such as DC link voltage, average converter loading, required
lifetime, and energy price. This paper aims to quantitatively
establish the trade-off between the impact of higher modularity
on converter reliability corresponding to the redundancy costs
for the given lifetime requirements while considering the op-
erational efficiency. The key contributions of this study are as
follows:

® Quantify the MMC'’s trade-off between modularity and

redundancy by varying the submodule switch rating and
suggesting the optimal number of levels for the given DC
link voltage and operating power with consideration of the
capital cost, efficiency, and reliability aspects.

® Derive a generalized insight on selecting the optimal switch

rating considering the above trade-off with varying DC link
voltage, power rating, average loading, required lifetime,
failure rate (FR), components cost and energy price.

e [t also investigates the influence of using two differ-

ent methodologies (Military Handbook (MIL-HDBK) and
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Fig. 1. Illustration of an MMC with half bridge sub-modules.

FIDES) for calculating the FR of components and the effect
of various current ratings.

The rest of the paper is organized as follows. In section II, the
characteristics of the system and the method for analyzing the
MMC reliability are given. Section III defines a case study and
evaluates the system’s cost, reliability, and efficiency. Sensitivity
analysis is carried out in section IV. In section V, the general
application proposed in this paper is recommended, and the
paper is concluded in section VI.

II. SYSTEM DESCRIPTION AND RELIABILITY DESIGN

This section provides a system description and the methodol-
ogy for evaluating the reliability.

A. Modularity Design

The general configuration of the MMC with half-bridge (HB)
SM is presented in Fig. 1. MMC is composed of three phases,
and each phase has two arms. Each arm has a number of SMs
connected in series with arm inductance. In this study, as an
example, the considered MMC system has rated power (S,) of
10 MVA with line voltage (V;) of 8.16 kV. The DC link voltage
(Vi) can be estimated by [16]:

e))

where m is the modulation index and it is equal to 0.96, Vj is the
RMS of line to line voltage equal to v/3/v/2 V. The minimum
number of required SMs (Npin) in each arm depends on the
selected power switch rating. Besides this, the maximum value
of SM capacitors voltage ripple kny.x needs to be considered
(which in this study is equal to 10%). Hence, Ny, is defined as
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TABLE II
MMC PARAMETERS FOR FIVE DIFFERENT SWITCHES RATING

‘/iGBT ‘/dc Nmin fsw CSM VSM,av Sf,act
kV) (kV) (Hz) (mF) (kV)
@ (&) 3 @ ()
1.2 17 24 125 9.2 0.71 0.650
1.7 17 17 177 6.5 1.00 0.647
33 17 9 334 34 1.89 0.629
4.5 17 7 429 2.7 243 0.594
6.5 17 5 600 1.9 3.40 0.575
(2) [19]:
. kmax X ‘/;IIC:|
Npin = Ceil | ————— 2
min |:Sf < ViGBT ( )

where Ceil (x) function returns the smallest integer that is greater
than or equal to x, St is the safety factor of IGBT that can be
determined based on the voltage limits for steady-state operation
of MMC, Viggr is the IGBT blocking voltage. In this paper, the
safety factor is equal to 0.65, which is in the range of maximum
steady state voltage of IGBT [18]. A design element that plays a
crucial role in the cost, reliability, and operation of MMC is the
SM capacitor. The time-average stored energy and peak value
of capacitor voltage are needed to determine the SM’s capacitor.
According to [19], the required capacitor is given by:

Nmin X Sy X Wamme
'i‘s(kmaxvvdc)2

where Wy is the required energy storage per MVA that is
approximately 40 kJ/MVA as defined in [20].

The operating switching frequency (fsy) is chosen in this
study such that the effective frequency (fefr = Nmin X fow =
3 kHz) is constant for the chosen switch rating with the given
DC link voltage. This ensures that the harmonic performance of
the designed converter is compliant with IEEE 519 with similar
power quality for the same arm/filter inductance when different
switch ratings and hence the number of levels are selected [21].
Correspondingly, the varying switching and conduction losses
for different operating frequencies and the number of levels
can be calculated while ensuring that harmonic performance
is the same for the given DC link voltage. Table II summarizes
the number of SMs per arm, SM capacitance, and switching
frequency which are all defined based on the withstand voltage
of the IGBT module (Viggr).

Herein, Ny, is given by (2) and the average operating SM
voltage (Vsm.ave) 1S given by (4).

Csm = 3)

Vv

Vomane = 37— @
Consequently, the actual operating safety factor (S ,ct) associ-
ated with maximum SM voltage is given by (5),

kmax VéM ave
S = —mix ISMave 5)
bt ViGeT

As observed, S, is closer to the initial design value St for
lower switch rating due to the impact of ceiling function in (2).
Consequently, it results in a slightly lower switch utilization and
SM FR with higher switch ratings. This effect is reduced when a
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Fig. 2. The actual safety factor value with varying DC link voltage.

second ceiling function is applied with redundancy requirements
for the given B lifetime, as discussed in the subsequent section.
Furthermore, difference in switch utilization in trade-off with
reliability is further reduced for higher DC link voltages as
shown in Fig. 2.

B. Reliability Design

For reliability analysis of MMC, the FR of the components
within the MMC needs to be evaluated. Also, redundancy as a
fault-tolerant strategy is applied to increase the MMC reliabil-
ity [22]. The following scrutinizes the FR of power components
and the redundancy effect.

1) FR Calculation: In MMC, SMs construct the arms, and
its configuration is shown in Fig. 1. The SM is composed of
two IGBTs, a capacitor bank, and auxiliary components [10].
The FR of the switches and capacitor can be calculated by using
equations from the MIL-HDBK [23] as (6) and (9).

AMILAIGBT = Abase-IGBTTTTS TATRTE (6)

where Apase-igaT 18 the base FR of IGBT equals to 100 FIT [6];
mr is the temperature factor calculated as (7); mg is the factor
for voltage stress formulated as (8); w4 stands for the applica-
tion factor; mr defines the power rating factor, and 7g is the
environmental factor [6].

1 1
- MUK | 7
& exp{ 8 {Tj 273 298” M
V .
s = 0.045 x exp [3.1”"“‘} 8)
V;ated

where Tj is the junction temperature, Vippliea and Vigea are the
actual and nominal voltage across the IGBT, respectively.

)\MIL-Cap = )\base—Cap TITTTVTTSRTQTETC 9)

where Apaee-cap 18 the base FR for film capacitor that is equal
to 100 FIT [6]; msr defines the influencing factor of the series
resistance of the capacitor; 7q is the quality coefficient; 7 stands
for environmental factor; 7¢ is the capacitance coefficient, 7y
is the voltage stress factor calculated as (10), and 7 is the
temperature factor formulated as (11) [6].

‘/operaling :|5 +1

= |— 10
v [aﬁxwmd {10
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Fig. 3.  RBD model of MMC under active redundancy.
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T = exp [
where T; is the ambient temperature, which depends on the
loading of the converter. In this study, it is assumed if the MMC
is not operating (0% loading), the junction temperature of the
capacitor and IGBT is equal to the ambient temperature (25 °
C) and If it operates at full load (100% loading), the junction
temperature is 100° C. So, the junction temperature can be
estimated at any chosen loading. Viperating and Vigeq are the actual
and nominal voltage across the capacitor, respectively.

2) Redundancy Evaluation: Redundancy as a fault-tolerant
strategy is applied to have a normal post-fault operation without
degradation [24]. Different redundancy strategies are explored
in [10], [20] and the optimal choice depends on many factors
such as efficiency, dynamics, economics. This article applies
the fixed-level active redundancy strategy [6], [9], [16], and the
reliability block diagram (RBD) of MMC with this redundancy
is presented in Fig. 3. In this redundancy strategy, the number
of operating SMs within the arm always equals Ny,;,. However,
in this operating mode, all the SMs (n) are energized, but the
triggering signal is only sent to random Ny,;, SMs. Hence, all the
SMs take turns operating. In this redundancy strategy, triggered
SMs could be either original or redundant [16]. As it is shown
in Fig. 3, in fixed-level active redundancy operational state, if
Nied = n-Npin 18 the number of redundant SMs in each arm, the
reliability of the arm can be calculated by applying k-out-of-n
given by (12) [25].

Rarm(t) = z": CflvminR(t)Nmin(l _ R(t))”mei"

(12)

Nmin
R(t) = e vt (13)
AsM = 2 X AMILIGBT + AMIL-Cap (14)

where Agy is failure of the SM with Ny, operational SM. For
calculating the MMC reliability, since there are six arms, the

IEEE TRANSACTIONS ON POWER DELIVERY, VOL. 38, NO. 4, AUGUST 2023

TABLE III
OBTAINED B1g LIFETIME IN YEARS (FIG. 4(A) AND (B)) FOR 10 MW 17 Kv
DC LINK MMC WITH DIFFERENT SWITCH RATINGS

Switch ratings 1.2kV  1.7kV  33kV 45kV  65kV
Bio No red 0.12 0.17 0.34 0.48 0.72
lifetime | One red 1.31 1.85 3.63 5.14 7.44
MMC’s reliability is formulated as (15)
6
RMMC(t) = (Rarm(t)) . (15)

3) Reliability Index: In this study, the percentage of the life-
time B, is used, which determines what percentage of devices
fail at the time as (16):

«
Fumc(Ba) =1 — Rumc(Ba) = —

100 (16)

where unreliability function Fypyc represents the proportion of
population failure. Bjg lifetime is expressed as the required time
to reach 90% of the system’s reliability (or 10% of devices fails).
Hence, the number of redundant SMs is selected in the design
process to reach the required B lifetime. Table III shows the
B lifetime of the MMC without redundancy and having one
redundant SM in each arm with different switch ratings (obtained
from Fig 4(a) and (b) respectively).

Accordingto [6], [9], [26], [27], the required lifetime of power
electronic systems can vary from 2 years to more than 30 years.
Still, the necessary lifetime in most applications falls between 5
to 20 years. Hence, this paper considers B lifetime of 10 years
as the reliability index for determining the number of redundant
SMs in each arm. Additionally, the sensitivity analysis will be
carried out in the case if the required By lifetime is 5 and 20
years.

Fig. 4(a) and (b) show the reliability of the MMC with differ-
ent switch voltage ratings at 57% loading with no redundancy
and only one redundant SM in each arm, respectively. It can be
seen from Fig. 4(a) and (b) that the inclusion of one redundant
SM in the MMC with a higher switch rating improves the
reliability much more than the case where a switch with a lower
rating is used. However, it is essential to remember that the
cost of one redundant SM, for example, for a 6.5 kV switch is
higher than a 1.2 kV switch. Hence, there is a trade-off between
modularity, redundancy, and cost of the MMC. The MMC’s B
lifetime without redundancy and one redundant SM in each arm,
as shown in Table II1, is less than 10 years. In order to reach the
required lifetime of 10 years, more redundant SMs are needed.
Fig. 4(c) shows the number of redundant SMs required in each
arm for the MMC with various switch voltage ratings to meet
the 10-year lifetime requirement at 57% loading.

III. CASE-STUDIES FOR COST, RELIABILITY, AND
EFFICIENCY-BASED OPTIMAL SWITCH SELECTION

With respect to the total cost of the MMC, the capital in-
vestment (CI) and operational losses are considered, which are
explained in the following.

Authorized licensed use limited to: TU Delft Library. Downloaded on August 25,2023 at 07:38:14 UTC from IEEE Xplore. Restrictions apply.
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Fig. 4. Reliability results of 10 MW 17 kV DC link MMC with 57% loading,
(a) reliability output for different switch voltage rating with no redundancy,
(b) reliability output for different switch voltage rating with one redundant SM
in each arm, and (c) number of required redundant SM in each arm to meet B1g
lifetime requirement of 10 years.

A. Capital Investment

Major components’ costs are considered for calculating the
CI of the MMC. The dominant components for consideration in
CI are power electronics components (semiconductors, control
system, power supply) and capacitor cost. Hence, the estimated
CI of the power electronics components C'Ipg is formulated as
follows [15]:

C'IPE = KPENsemi‘/IGBTInominal (17)

where I,ominal 1 the nominal or rated current of the IGBT, which
in this study is calculated and equals to 480 A, Ny is the

W

50 100 150 200
DC link voltage (kV)

()

Fig. 5. Costresults of the MMC with 57% loading, (a) normalized CI of the
MMC with different switch voltage rating, (b) redundancy percentage of total
CI with B1g = 10 years.

total number of IGBT switches in the MMC that is equal to
Ngemi = 6 X 2 X n, Kpg is the estimated price of installed power
that is equal to € 3.5/kVA [28]. The estimated CI of capacitance
(Clcyp) can also be calculated from (18)—(20):

C'ICap = KCapECap (18)

ECap =6xnX ECe]l (19)
1 2

Ecen = §CSMVSM (20)

where K¢, is the estimated price of the installed capacitor equal
to € 150/kJ. Hence, the CI of the MMC can be estimated by
adding the CI of installed capacitance and power electronics
switches. In Fig. 5(a), the CI of the MMC with different switch
ratings for varying DC link voltage at 57% loading is presented.
As shown in Fig. 5(a), switch rating of 1.2 kV is the most
economical option from the only CI point of view throughout the
varying DC link voltage. The normalized price can be obtained
from (21).

Cl total

n

Normalized CI(€/kVA) = , (Sp, in kVA). 21
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As mentioned in section II, redundancy is applied to increase
the MMC reliability with various modularity (Fig. 4(b)). How-
ever, the cost of using redundancy and CI of the MMC differs for
different switch ratings; hence, cost aspects are a determining
factor in selecting the cost-efficient switch rating while the
reliability requirements are met. Fig. 5(b) presents the ratio of
redundancy costs concerning the total CI of the MMC. As shown
from Fig. 5(b), applying redundancy has a lower price for higher
DC link voltage ranges, while it is more costly for lower DC link
voltage ranges. Also, it can be realized that the cost of applying
redundancy for the MMC with higher switch voltage rating is
more.

B. Operational Losses

The model developed in [29] is applied to obtain the MMC’s
operational efficiency with various modularity levels. The
physics-based methodology explained in [16] is used to estimate
the switching and conduction losses of IGBTs. Also, switching
and conduction losses are evaluated for varying loading. For cal-
culating the annual energy losses (£;) with different modularity
levels, (22) is applied as follows:

El = / (100 — n(tz)) X PMMC (22)
where 7(t;) is the efficiency of the MMC at time ¢; and Pyvic
is the MMC rated power in MW.

C. Case Study for Operational Losses

Fig. 6(a) and (b) show the histogram of two Mission Profiles
(MPs) used in this study based on the hourly data adapted
from [30]. The average power demand (P,,.) of MPTand MP 11 is
38% and 57%, respectively. Fig. 7 presents the cumulative yearly
energy losses for MMC with different switch ratings according
to the daily power demand for two cases shown in Fig. 6.

Likewise, these calculations can be repeated for varying DC
link voltage other than 17 kV considered. For this evaluation,
the phase current is kept constant, and the DC link voltage
is changing (as well as the rated power of the MMC). Since
the rated current is kept constant, the same switch rating with
the same character can be applied, but the number of levels,
operational losses, reliability, and CI will change. In Fig. 8, the
conduction and switching losses of the MMC are presented.

IEEE TRANSACTIONS ON POWER DELIVERY, VOL. 38, NO. 4, AUGUST 2023
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Fig. 7. Cumulative yearly energy losses E; for 10 MW 17 kV MMC.
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Fig. 8. Losses of the MMC due to (a) switching losses in MP I (b) switching

losses in MP II (¢) conduction losses in MP I (d) conduction losses in MP II.

Switching loss is dominant for low DC link voltages, while
conduction loss is becoming the dominant factor in higher DC
link voltages. Fig. 9 shows the total losses of the MMC for the
annual loading shown in Fig. 6 for varying DC link voltage (with
1 kV resolution).

To better clarify the importance of annual loading, two points
as P, and P, are considered from Fig. 9. For MP I, the switch
with arated voltage of 4.5 kV is the most efficient for the DC link
voltage range between P; ~ 65kV to P, ~ 157kV. However,
this range is P| ~ 62kV to P; ~ 138 kV when higher average
loading corresponding to MP II is considered.

To generalize the scenarios mentioned in this sub-section for
two different annual loading, an average annual loading point is
considered, which can change from 1% to 100%. Fig. 10 shows
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Fig. 10.  Optimal switch voltage rating choice map based on the efficiency of
the MMC under various annual average loading with varying DC link voltage.

the heat map of the most efficient switch for varying DC link
voltage and annual average loading. As it can be seen from
Fig. 10, for a DC link voltage higher than 200 kV, switch with
6.5 kV rating voltage is the most efficient choice regardless
of the average loading of the converter. For lower DC link
voltages, there is a trend between an optimal switch dependent
on the MMC'’s annual average loading. From Fig. 10 can be
seen that higher DC link voltage leads to a shift in preference
towards higher rated voltage of switch for the same average
yearly loading. Likewise, for the same DC link voltage, a higher
annual load leads to a shift in preference toward higher switch
voltage rating. Please note that the energy savings obtained from
constant average annual loading are slightly different when an
hourly power demand of MMC is considered. This is shown in
Fig. 10 as points Py, P, P|, and P} obtained originally from
hourly power demand in Fig. 9. As it can be seen, the points are
not exactly on the boundary between switches with 4.5 kV and
6.5 kV ratings, and it is slightly different.
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Fig. 11.  Overview of the trade-offs for 10 MW 17 kV DC link MMC affected
by switch voltage rating.

IV. SENSITIVITY ANALYSIS FOR GENERALIZED SWITCH
VOLTAGE RATING SELECTION

As presented, many variables are needed to determine the
most economical switch for every specific DC link voltage and
annual average loading. Fig. 11 summarizes the characteristic
comparison of the MMC for three switches with rated voltage
of 1.2, 3.3, and 6.5 kV. The trend shown in Fig. 11 is valid for
all DC link voltages and annual average loading. Nevertheless,
combining all these characteristics defines the most economi-
cally viable choice for rated voltage of the switch.

A financial index must be defined to compare different rated
voltage of switches and find the economic viability range of
each switch concerning DC link voltage and annual average
loading. This study considers payback as the economic index for
determining the most economical switch choice. The payback
helps make a financial decision based on how long it takes to get
the profit for extra invested money. The CI and savings of the
various switch choices are compared to calculate the payback as

follows:
Payback (PB) = %

1

(23)

Si = /AEi x P (24)
where ACT is the difference of CI between different switch
ratings, S is the difference in cost saving due to efficiency,
AE; (kWh) is the energy saving difference, Pt is the price for
electricity that in The Netherlands is equal to 0.190 € /kWh. In
this study, the economic viability boundary is defined based on
a considered payback time of 10 years. The steps given in the
flowchart in Fig. 12 can be followed to find the optimum rated
voltage of the switch in the MMC with specified characteristics
(DC link voltage and annual load demand). The methodology for
finding the cost-efficient switch rating is shown in Fig. 13. This
algorithm evaluates if investing extra money in the MMC with
the lowest CI to use other switch ratings could have a payback
of 10 years or less.

Fig. 14 presents the economic viability regions among various
rated voltage of switches for Bjg = 10 years with varying DC
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Select the DC link voltage and annual
average loading

v

System description
Calculate the system parameters as given in table II for
different blocking voltage switch using (1)-(5)

Reliability design
Calculate the components failure rate using (6)-(11).
Calculate the MMC reliability by applying redundancy using (12)-(15).
Find the number of redundant SM to achieve required B10 lifetime.

'

Cost analysis
Calculate CI using (17)-(21).
Calculate the MMC annual energy losses (EI)
using [27],[9] and equation (22).

Sort the switches rating from lowest to highest CI (SW1,
SW2, ..., SW5). So, the MMC with SW1 has the lowest CI
while SW5 has the highest CI.

v

Find the optimum switch blocking
voltage (Flowchart-A in Fig. 13)

End

Fig.12.  Flowchart of the proposed methodology for finding the optimum rated
voltage of switch.

Start
Initialize i=1,
Flowchart-A =2, k=1
v
Update » PB, — Clswj —Clswi i:.Uzdif k=
i=ij=jtl,k=k K (Blows —Elsw )7 | P

Select SWi
I ]

Select SWj

End

Fig. 13.
options.

Algorithm for finding the optimum switch voltage rating among five

link voltage and annual average loading considering a 10-year
payback. Similar to the obtained heat map of efficiency, the
current and voltage rating of the switches are fixed. A com-
parison is performed among different rated voltage of switches.
Fig. 14 suggests that each rated voltage of the switches is more
economically viable for a specific DC link voltage and loading.
As presented in Fig. 5(a), the MMC with a rating voltage of
1.2 kV has the lowest CI, and Fig. 14 shows if extra money
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Fig. 14.  Economic viability region for different switch voltage rating with
variation in MMC loading and DC link voltage considering a payback of 10
years and a required B1g = 10 years (L3 3 is the boundary line between 1.7 kV
and 3.3 kV switches).

invested in the MMC with higher switch voltage rating has a
payback of 10 years or less. For instance, Fig. 14 suggests that
if the DC link voltage is 50 kV and the expected annual loading
is 50%, extra investment in the MMC that uses a switch with
a rating voltage of 3.3 kV (instead of 1.2 kV and 1.7 kV) will
have a payback of 10 years or less.

The two considered case studies are shown with dashed black
lines in which fixed load is representative of annual average
loading. From Fig. 14 can be seen that in the case of MP II, the
switch with a rated voltage of 1.7 kV is the most economical for
the range of 10-22 kV DC link voltage. Regarding the case with
MP 1, 1.7 kV switch is economically viable for DC link voltages
between 10 kV and 27 kV. Regarding extra investment in the
switch with 3.3 kV rated voltage for MP II, the economically
viable DC link voltage is estimated to be between 22 kV and
72 kV. For MP 1, the estimated range is 27 kV to 83 kV. The
same economically viable DC link range can be estimated for
the switches with rated voltage of 4.5 kV and 6.5 kV. Another
example is 10 MW 17 kV DC link MMC in which the switch
rating of 1.7 kV is the best choice, as shown in Fig. 14. If the
lifetime requirement is 10 years, using a switch with a 1.2 kV
rating voltage results in lower initial cost (according to Fig. 5).
But, choosing a 1.7 kV switch leads to a 15% reduction in
operational losses (according to Fig. 9). Hence, in this case,
the switch with the rated voltage of 1.7 kV is selected because
the extra investment will have a payback of less than 10 years,
and it is due to the higher efficiency.

A. Sensitivity Analysis for Different FR, B1o Lifetime
Requirement, Components Cost and Energy Price

The sensitivity of the switch regions’ payback to different
By lifetime requirements, FR, component cost, and energy
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Fig. 15. Shift in L33 with change in (a) Bjg lifetime; (b) FR; (c) capital

investment (CI), and (d) electricity price (Pt).

price is shown in Fig. 15. The boundary line (L33) between
economic regions of 1.7 kV and 3.3 kV switches is considered
since the same trend is valid for other boundary lines between
other regions.

The required B lifetime can vary from 5 to 20 years. hence,
the effect of higher or lower required Bj( lifetime is shown
in Fig. 15(a). As can be seen, there is no specific trend with an
increase or decrease in the required By lifetime. As explained in
section II B, the methodology in MIL is used to estimate the FR
of the IGBT and capacitor. However, the obtained values might
not be precise as many environmental factors (7x) can change
the SM’s actual FR. Moreover, there are other components
within the structure of the SM, such as gate drives, control
systems, and power supply, which might experience random
failure. Therefore, for sensitivity analysis, the SM’s FR’s exact
value is 20% higher and lower than the obtained values. It can be
observed from Fig. 15(b) that the boundary line between regions
of 1.7kV and 3.3 kV switches has a limited dependence on the
FR variation.

Considering the component’s cost, the dependence of the
boundary line on CI is shown in Fig. 15(c). It can be realized
that if components are more expensive, the boundary line (L3 3)
moves upwards quite trivially, and the economic viability region
of the switch with 1.7 kV rated voltage (purple) increases.
However, an increase in energy price has a reverse effect on
the boundary line compared to the CI presented in Fig. 15(d),
which is negligible.

B. Sensitivity Analysis by Using MIL and FIDES

In this section, a more recent FIDES method [31] to calculate
the FR of components (Appgs) is compared with Ay, used thus
far in the paper. Unlike Ap, Appgs considers the technical con-
trol over manufacturing (IL,y,), field operation and maintenance
(ITprocess) and physical failure (Appysical) that is given by (25)
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TABLE IV
FR OF THE CAPACITOR AND IGBT CONSIDERING MIL AND FIDES

Components | MP FR (occ/year)
FIDES MIL
IGBT I 0.00052 | 0.0017
11 0.00086 | 0.0022
Capacitor 0.00042 | 0.0009
11 0.00068 | 0.0012
100 . . : .
90 | L3 3 (Fig. 13) MIL | |
— FIDES
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Fig. 16.  Shiftin L3 3 using FIDES and MIL to estimate the component’s FR.

and (26).
AFIDES = )\physical X Hpm X Hprocess (25)
phases "
annual
A sical — Hz)\z 26
phyinl = 3 [8760] (20)

i

where ¢4 denotes the duration of the i phase of the mission
profile for one year. 11; and X; are associated with environmental
and operation stress-specific factors for each phase . The com-
plete methodology for FIDES is described in [31] and not re-
peated here for conciseness. Under assumptions corresponding
to similar operating and environmental conditions, the estimated
ArpEs compared with Ay for the two mission profiles is shown
in Table IV.

The sensitivity analysis is carried out to evaluate the impact
of FIDES and MIL methods on the boundary line (i.e., L3 3
in Fig. 14). Table IV shows that the FIDES method estimates
the FR of components to be lower than MIL. Therefore, the
shift in the boundary line (L3 3) between regions of 1.7 kV and
3.3 kV switches can be seen in Fig. 16. The sensitivity analysis
represents that if the FIDES method is used for estimating the
FR, the economic viability region of 1.7 kV switch expands for
annual average loading of more than 30%.

C. Impact of Converter Power Capacity

The selection of switch voltage rating for various DC link
voltage and loading at a fixed rated capacity has been discussed.
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Fig. 17.  Economic viability region for different switch voltage rating with

variation in MMC current rating and DC link voltage at 100% loading (i.e.,
480 A, given in Fig. 14) considering a payback of 10 years and a required
Bio = 10 years.

TABLE V
THE SPECIFICATIONS OF (27)

Transition | 1.7 <» 3.3kV 3.3 4.5kV 4.5+ 6.5kV
m 3.3x 1077 2x107° 9x10~°
Viet 40 kV 110 kV 220 kV
Voltage 10<V <50 5H0<V <110 110<V
range(kV)

In this section, further evaluation is carried out to determine the
most economically viable switch rating with variation in current
rating and varying DC link voltage at 100% loading. As shown
in Fig. 17, the MMC-rated current is changed from 480 A to
1025 A, corresponding to the converter power rating from about
6.5 MVA to 275 MVA. From Fig. 17, it can be observed that the
switch rating selection is independent of rated current and only
depends on loading and DC link voltage.

V. GENERALIZED APPLICATION SPECIFIC RECOMMENDATIONS

MMC can be applied for different applications having dif-
ferent DC link voltage and current ratings [32]. The most eco-
nomical switch voltage rating in these applications depends on
the selected DC link voltage and loading. In this context, to
generalize the proposed method, (27) is derived from Fig. 14.

if ﬁ +m(V — Vier) > 0, Select the higher switch rating
else, Select the lower switch rating
(27
where L is the annual average loading of the MMC in percentage,
m and Vs are specified in Table V, and V is the considered DC
link voltage. In Fig. 14, a line with slope m connects two points
(A, B) on boundaries between different switch ratings at 100%
and 1% loading. For instance, to find these two points between
4.5kV and 6.5 kV switches at 100% loading, the voltage rating is
108 kV. This voltage rating is calculated by taking the average
of A,in and A, 4z, as shown in Fig. 14. Thus, points A and
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TABLE VI
OPTIMAL SWITCH VOLTAGE RATINGS FOR DIFFERENT APPLICATIONS

[Ref] | Application A Sn Prave Viger (kV)
kV MVA % Used | Optimal

[9] MVDC Grid +27 30 60 4.5 33

[6] MVDC Grid 10 3 30 1.7 1.7
[7] Wind 17 10 10-100 § 4.5 1.7/3.3

[30] MVDC Grid 17 10 38 & 57 3.3 1.7
[15] STATCOM 28 17 25-100 3.3 1.7/3.3

[17] HVDC 320 | 1000 - 45 65
[33] Wind-HVDC 32 18 0-100 6.5 1.7/3.3
[34] Wind-HVDC 160 320 - 33 4.5/6.5

+ Variable power

B coordinate (108 kV, 100%) and (215 kV, 1%), respectively.
Hence, the slope m can be calculated by having these two points.

For example, in [9], the DC link voltage is 54 kV, and the
annual average loading is about 60%. Since the DC link voltage
is within the range of the second column of Table V, the second
column values are used. After putting these values in (27), it
suggests that the most economical rated voltage of the switch
is 3.3 kV. However, 4.5 kV switch is used in [9], which is
overrated and can impact the cost and efficiency of the system.
Table VI summarizes some of the MMC applications found in
the literature and shows the optimal rated voltage of the switch
using the proposed method.

VI. CONCLUSION

This article presents cost-oriented reliability and modularity-
based trade-offs to select an optimal rated voltage of the switch
for MMC. The steps involved in the proposed method are
explained through flowcharts, and a heat map is provided for
varying DC link voltage and yearly loading of the MMC. It
is presented that the system’s modularity increases when a
lower switch voltage rating is selected for the MMC SMs. For
example, in a 10 MW MMC with a DC link voltage of 17 kV, a
switch rating of 1.7 kV is optimal for both case studies. Higher
modularity can be achieved with 1.2 kV rated voltage with a
lower CI for a By lifetime of 10 years. But, when 1.7 kV
switch is selected instead of 1.2 kV switch, the operational losses
are approximately 15% lower in both cases (MP I and MP 1II),
leading to payback of less than 10 years. Higher DC link voltage
leads to a shift in preference towards a higher switch rating for
the same average loading. For example, the optimal choice of
switch rated voltage changes from 1.7 kV to 3.3 kV in both
case studies (MP I and MP 1) if the given DC link voltage is
increased from 17 kV to 50 kV. Transitions between preferred
switch ratings with variation in DC voltages between 10-220kV
are shown for different average loading. The sensitivity analysis
shows that the preference’s boundary changes from 1.7 kV to
3.3 kV switch rating shifts downward slightly with lower CI
and higher energy price. However, the preferred switch choices
show limited sensitivity to variation in required B lifetime and
assumed FR of individual components. Also, the preference’s
boundary from 1.7 kV to 3.3 kV shifts downward if FIDES
methodology is used for estimating the components FR.

In conclusion, this study proposed selection regions for the
optimum rated voltage of the switch in the MMC for varying
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DC link voltage and yearly load demand. Sensitivity analysis
shows that for MMC with fixed-level active redundancy, the
variation among switches’ regions has limited dependence on
the precise FR value and required B lifetime. Also, it was
observed that changes in CI and energy prices have a negligible
effect. However, using the methodology proposed in FIDES for
calculating the FR can affect the region as a specific trend was
realized for annual loading higher than 30%. The effectiveness of
the method proposed in this study is demonstrated by presenting
a generalized version of it and applying it in published works.
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