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Abstract—This paper presents a practical strategy for utilizing
the submodule (SM) redundancy of a modular multilevel converter
(MMC) for its fault tolerance. This strategy provides a systematic
framework for balancing the tradeoff between two conventional
methods for using the active redundancy and, thus, achieves opera-
tional flexibility. One of the existing methods improves SM reliabil-
ity owing to less voltage stress on the SM components by employing
all of the SMs to form the ac or dc voltages (voltage-sharing mode).
The other avoids transients by keeping the average SM voltage con-
stant at the cost of slightly increased stress on the SM components
(fixed-level mode), which, however, can be controlled to provide the
grid-adaptive operation by reserving the energy of the SMs not in
service. We, thus, develop a new redundancy management scheme
by integrating these two methods and exploiting their technical
benefits to meet the PQ requirements and MMC control perfor-
mance. This research provides a theoretical basis and a technical
guide to determining the number of SMs, which can further in-
crease the voltage steps as per the MMC and grid conditions. This
paper also connects the remaining PQ capability of the MMC at
a particular operating point with the SM redundancy concept by
defining a potential redundancy, especially useful when the physi-
cal redundancy is exhausted. The theoretical findings and efficacy
of the proposed strategy are validated through PSCAD/EMTDC
time-domain simulations followed by experiments using a nine-
level single-phase MMC system.

Index Terms—Active redundancy, fault tolerance, flexibility,
modular multilevel converter (MMC), PQ capability, reliability.
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I. INTRODUCTION

HE modular multilevel converter (MMC) has drawn sig-
T nificant interest in high-voltage dc (HVdc) transmission
and flexible ac transmission systems ever since it was first in-
troduced [1]-[5]. The structural characteristics of the modular
topology offer many technical and economic advantages. Espe-
cially, the MMC designed with the submodule (SM) redundancy
is featured with its robustness for the SM failure and offers a
strong fault-tolerant capability, leading to reliable power trans-
fer. It is interesting to note numerous research efforts concerning
the operation of redundant SMs and its impact on the control
performance, detection, and diagnosis of faulty SMs due to a
fault in the switching, a communication failure, a physical de-
fect, etc. [6]-[15].

Methods for implementing the redundant SMs are well doc-
umented and could be categorized as cold-reserve and active
redundancy schemes based on the terms presented in [16]-[24].
The cold-reserve scheme can easily be conceived, but it lacks
in feasibility due to the need for an auxiliary dc power sup-
ply for energizing the SMs and technical difficulty in achieving
sufficient insulation. Large transients and impact on the control
performance are disadvantageous as well. The active redun-
dancy scheme, on the other hand, energizes all of the SMs to
compensate for the drawbacks of the cold-reserve method. This
research, thus, focuses on the SMs and their operations in the
active redundancy scheme.

There are two representative methods for implementing the
active redundancy scheme. The first method keeps the num-
ber of participating SMs constant among all of the energized
SMs for the MMC operation. As named a fixed-level method
in this paper, the MMC operation level does not change, and
the average SM voltage is, thus, controlled to be constant. This
method can help reduce the switching frequency of individual
SMs and reduce the SM capacitor voltage ripple [21], [22].
The second method employs all of the SMs for the MMC op-
erations, and thus, all of the SMs contribute to the ac and dc
voltages, which is, thus, named a voltage-sharing method. This
second method keeps the average SM voltage less than the first,
which imposes less voltage stress on the SM components and
may positively affect the reliability. An SM failure, however,
changes the SM capacitor voltage, and this electrostatic energy

See http://www.ieee.org/publications_standards/publications/rights/index.html for more intormation.
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variation may cause some transients and potentially affect the
control performance, which is not the case for the first method
[23], [24]. Note that the previous research efforts featured their
technical benefits independently. This research integrates these
conventional active redundancy methods and provides a bal-
anced tradeoff between them according to the MMC internal
and external grid conditions. This flexible redundancy scheme
offers grid-adaptive flexibility for changing the number of SMs
governing the voltage steps. This paper further develops a prac-
tical way to access the reserved energy in unused SMs via the
conventional redundancy concept. It highlights the enhanced
fault tolerance and control performance through the flexible re-
dundancy scheme on the MMC PQ-capability diagram, which
informs and illustrates the MMC operating point and its capabil-
ity effectively. This new perspective helps the system operators
gain practical insights into the MMC state and maintain reliable
power transfer.

The rest of this paper is organized as follows. Section II gives
an overview of the active redundancy methods. Section III de-
tails the underlying principle of the flexible redundancy scheme
and provides a new perspective on this MMC redundancy by
representing its impact on the MMC PQ capability. Section IV
demonstrates the validity and efficacy of this research through
simulation studies using PSCAD/EMTDC, supported exper-
imentally for the nine-level single-phase MMC as well in
Section V. Finally, Section VI provides concluding remarks.

II. ACTIVE REDUNDANCY METHOD

This section describes two representative active redundancy
methods for the MMC. They are the fixed-level and voltage-
sharing methods, as addressed in Section I. They are indeed
special cases of the proposed flexible redundancy scheme, as il-
lustrated in Fig. 1, where a participation factor k is introduced to
quantify the contribution of the SMs among all active redundant
SMs to the increase in the number of levels from the nominal
value of the fixed-level scheme.

A. Fixed-Level Method

When the participation factor k = 0, the MMC operates in the
original fixed-level mode, as shown in Fig. 1(a). The fixed-level
method keeps the energy of redundant SMs not participating in
the control unused, as shown in Fig. 1(d). There are interesting
research efforts for implementing the fixed-level method such as
the SM capacitor voltage balancing with pulsewidth modulation
(PWM) [11], [21] and nearest level control (NLC) for high-level
MMC applications [12], [18], [20]. The redundant SMs do not
affect the number of MMC voltage steps; the maximum number
of insertion index n; (t) is N. The average SM voltage (Vo)
for the fixed-level method and the electrostatic energy stored in
each arm of the converter (Farn) are, thus, expressed by (1)
and (2), respectively, as follows:

- v
Vo = N—C; (0
1 ~
Exspyv = §(NS + Np — Np)CsVE, 2)

2235

0.5
Participation factor (k)

(d)

Fig. 1. Principle of redundancy strategy per arm: fixed-level method (k = 0),
flexible redundancy method (0 < k£ < 1) and voltage-sharing method (k = 1).

where Ng is the number of SMs for the normal operation of the
MMC, VC2 is the sum of average SM voltage per arm, Ny is
the number of redundant SMs, N is the number of faulty SMs,
and Cy is the capacitance of each individual SM.

The MMC with the fixed-level method continues running with
Ng + 1levels with negligible transient in operation because the
average SM voltage does not change as long as the Ny does not
exceed Ni. This method has a positive effect on the capacitor
voltage ripple because it employs SMs with higher average volt-
age (energy) in the switching than the voltage-sharing method,
as detailed in the following [21], [22].

B. Voltage-Sharing Method

In the voltage-sharing method with £ =1 [see Fig. 1(c)],
the average SM voltage (ch) is less than that of the fixed-
level method because all of the redundant SMs account for the
voltage steps, which is expressed by (3). The stored energy is
also expressed by (4) as follows:

T /. 3)
Ng + Np — Np
1 -
Earm = §(Ns + Np — Np)Cs V. “)

All of the SMs in the MMC are utilized to maintain the con-
stant Vp ¢ so that the MMC operates with Ng + Ny + 1 levels,
i.e., the maximum of ns(¢). This level can be reduced by the
number of faulty SMs, and the average SM voltage should then
be increased to maintain the desired dc-link voltage through
the energy-balancing control [24], [25]. Even with these un-
avoidable transients, the SM operates at a comparatively low
electrostatic energy level, which relieves the stress on the SMs
and may increase the overall reliability of the SMs [19].
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Fig. 2. Arm energy control for flexible redundancy operation.

III. FLEXIBLE REDUNDANCY STRATEGY

Fig. 1(b) illustrates the principle of the flexible redundancy
method. There are numerous technical and economic factors
to consider in determining the system parameters such as the
SM capacitance Cy for the (Ng + 1)-level MMC-HVdc appli-
cations [26]-[31] and the desired energy—power (EP) ratio of
the MMC for various grid requirements, which typically ranges
from 10 to 50 kJ/MVA [28]. This paper particularly notes the
EP requirement and provides a practical way to implement the
flexible redundancy scheme by determining the number of SMs
among all of the redundant SMs to further increase the voltage
steps. It, thus, relieves the voltage stress by increasing the num-
ber of SMs in the fixed-level mode, i.e., by incorporating of the
voltage-sharing effect into the fixed-level mode and guarantee-
ing the desired control performance as well. The energy control
adapted from [25] enables the smooth spanning over the two
methods (see Fig. 2). Note that this paper focuses on the techni-
cal relationship between two existing methods and the benefits
of the proposed scheme in operations. The energy storage capa-
bility of the (Vg + 1)-level MMC-HVdc, i.e., C'g, and the range
of the EP ratio for various operating points are assumed to be
determined and given.

A. Implementation of Flexible Redundancy

The arm capacitance can be related to the EP ratio as
follows [28]:

(&)

where Cyr\ s the total capacitance of the arm, EP, is the rated
EP ratio, and Sy is the rated power of the MMC. With the re-
dundant SMs in the voltage-sharing mode, the total capacitance
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of the arm is reduced as follows:

Cs Sy

— EP
Ns + Np '3V2,

Carm = (6)
where EP; is the EP ratio with Ng. From (5) and (6), EP; can
be derived as follows:

Ng

EP, = —2
"7 Ns + Ng

EPy. @)
The reduced EP; due to Ny should meet the required energy
storage capability and the voltage ripple requirements for the
feasible operating region, leading to a constraint on the mini-
mum value of EP; or EPyn

Ns

EPyiivy <EP| = ———
MIN < Eby Ns + Nn

EPy. (8)
From (8), the maximum number of redundant SMs to in-
crease the voltage steps by reinforcing the voltage sharing is
determined as

Ny < Ns

EP, — EP), . 9
< EPMIN( 0 MIN ) 9

As an illustrative example, consider an MMC operating with
41 levels (Ng = 40), as detailed in Section IV. This paper
assumes EPy = 40 kJ/MVA and then EPy;1ny = 30 kI/MVA to
meet the peak-to-peak voltage ripple (e.g., 10% of the SM ca-
pacitor voltage) at a specific operating point, as discussed in
[30]-[33]. The maximum allowed redundancy with Np = 13 is
then obtained from the EP ratio criterion above and incorporated
for fault tolerance. This paper adopts this theoretical maximum
redundancy to demonstrate technical implications and benefits
of the flexible redundancy scheme, which may be considered un-
necessarily high in practice. Fig. 3 compares the SM capacitor
voltage ripples as the redundancy scheme and the SM condition
change. Based on the effect of active redundancy, as discussed
in [21], the capacitor voltage ripple changes in proportion to
(Ng 4+ kNg)/(Ng + Ng) due to the increase in the levels, as
demonstrated in Fig. 3. By varying the participation factor ,
those six redundancy conditions are investigated, and the re-
sulting voltage ripples are compared for three Ny conditions.
As understood in [34], the voltage ripple in the voltage-sharing
mode (k = 1) is larger than that in the fixed-level mode (k = 0)
as long as the redundancy, Ny, exists. This observation is also
confirmed for a test system, as illustrated and summarized in
Fig. 3. Compare the percentage of voltage ripples of k£ = 1 with
those of £ = 0 in Fig. 3(c). Note also the increased SM voltage
yet reduced rippled as Ny increases from O to 13 (no physi-
cal redundancy left when & = 1). For k = 0, the average SM
voltage does not change, but the ripple increases as Ny grows
from O to 7. However, the voltage ripples are all less than those
when k& = 1 until it exhausts Np or Np = 13, where the fixed-
level and voltage-sharing methods become equivalent for the
test system. The benefits of using circulating current suppres-
sion control (CCSC) for these conditions are presented as well.
The CCSC significantly improves the voltage ripple, as demon-
strated in Fig. 3(b) and (d) for the same cases in Fig. 3(a) and
(c), which should be considered in the design process.
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Fig. 3. Comparison of capacitor voltage ripples for three different N and k

conditions with or without CCSC.

Given the analytical understanding, a participation factor is
then determined based on the following reasoning: The flexible
redundancy scheme should avoid transients for at least an SM
fault by seamlessly bypassing the faulty SM and maintain the
voltage ripple less than the marginal performance without any
redundancy. It also reserves unused energy for operational flex-
ibility. For example, k = 0.46@ Np = 0 is chosen to meet the
ripple when £ = 0@ Nyp = 7, as shown in Fig. 3(d): their per-
centages of voltage ripples are close, but the proposed scheme
surely reduces the SM voltages. As k increases from O toward
1, the voltage-sharing effect is reinforced, and the voltage ripple
increases yet. The flexible redundancy scheme aims to provide a
balanced tradeoff between these fixed-level and voltage-sharing
modes. The electrostatic energy per arm considering the impact
of the SM fault is then expressed by (10) as follows:

V3 z
Ng + kNr — N
(10)

(1)

1
Earm = E(NS + Np — NF)C'S<

5
EXgyv = Earvvu + Earvir-

As shown in Fig. 2, the arm energy controller with the arm
energy reference obtained from (11) balances the electrostatic
energy of the SM for the SM failure and enables the flexible
redundancy scheme. The modulation index (m), the reference
voltage of the converter (Vigr()), and the upper (V) and
lower (V) arm voltages with the flexible redundant SMs can be
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Fig. 4. Insertion indices for various participation factors (k) and modulation
indices (m) for a test system with Ng = 40 and Np = 13.

expressed as follows:

Vac
— 9o 2 12
Voo (12)
X Vi — W
Vier (t) = Vac cos(wi t) = % (13)
Vbe
— (Ng + kN — b 14
Vi = (Vs 4 kN = ) () 09
B Vbe

where n (t) represents an insertion index (the number of acti-
vated SMs) with the flexible redundant SMs. By inserting (14)
and (15) into (13), this insertion index can be expressed by (16),
which is a function of the participation factor and the modula-
tion index and is associated with Ng and N, as illustrated in
Fig. 4.

Ng + kNpg

ny(t) = 5 (mcos(wit) + 1). (16)

This insertion index can further indicate the number of SMs
sharing the voltage yet not being activated in the flexible redun-
dancy scheme. These SMs account for the potential (or soft)
redundancy on top of the physical redundancy, Ny, as detailed
in the following.

B. Exploitation of Potential Redundancy

This research proposes a potential redundancy concept at a
certain operating point and quantifies this redundancy in terms
of the number of SMs, an equipment operator friendly index
for evaluating and exploiting the fault-tolerant capability. Con-
sider a steady-state operating point of the MMC within its PQ
capability. Specifically, MAX(ny(t)) < Ng + kNp, is satisfied
because the MMC operates without using all of the SMs [13].
Therefore, the MMC is considered to be operating with extra
redundancy, Np

Np = Ng + kNp — MAX (ns(¢)). (17)

This potential redundancy is a function of k and the insertion
index, which depends on the operating point and indicates the
operational margin at the operating point.
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1) Potential Redundancy With PWM_: Fig. 5(a) illustrates the
underlying concept of the potential redundancy for an MMC
with a phase-shifted carrier-based PWM (PSC-PWM). As an
illustrative example, the MMC runs out of the physical redun-
dancy. Compare the peak value of the modulating signal (vo (1))
with cross points of the phase-shifted carriers, which is in the
range between 0.5 and 0.75. The signal vy (t) is over this range
so that there is no potential redundancy in the MMC. The vs (t),
however, runs with the potential redundancy because the MMC
does not operate with all of the SMs. By inserting (16) into (17),
Np can be calculated for this case as

Np:(NS—i—kNR)(l—;(m—i—l)). (18)
Because Np is defined to be an integer, it should further be
rounded to the next smaller integer by the floor{} function, as
shown in (19a). As vs(t) is from vy (¢) with the third harmonic
injection [35], the number of redundant SMs (Np3) can be
calculated by (19b) [see Fig. 5(a)] as

Np = ﬂoor{(Ng + kNR) <1 - %(m 4 1)> } (19)

Npj3 = ﬂoor{(NS + kNg) (1 - ;(‘fm + 1)) } (19b)

2) Potential Redundancy With NLC: The number of acti-
vated SMs can be derived from the relationship with the modu-
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TABLE I
SYSTEM PARAMETERS OF THE SIMULATION

Parameters Value
Rated active power Py. (MW) 100
DC-link voltage V. (kV) + 50
Line inductance Ls (mH) 1.0
Short circuit ratio SCR 8.64
Number of normal SMs per arm 40
Number of redundant SMs per arm 13
Nominal SM capacitance Cs (uF) 5330
Arm inductance Lg.p, (mH) 50
Nominal capacitor voltage V. (kV') 2.5
Energy-power ratio £ Py (kJ/MVA) 40
Participation factor k 0.46
mMMmc P
P,Q pe
Vac£0° z‘i’i,'flk‘é V4o VeonvZ0
3 —I VDC
ac grid P( T IL JXL
transformer POI -
Fig. 6. Simple MMC-HVdc model.

lation signal as follows:

ny(t) = round{ Ns + kNg (

mcos(wit) + 1) } (20)
The potential redundancy with the NLC switching is then cal-
culated by finding the nearest integer via the round{} function,
as shown in Fig. 5(b). From (17) and (20), the potential re-
dundancy can be expressed by (21a). The result of applying
the third harmonic injection leads to (21b), which confirms that
more redundancy can be secured, as shown in Fig. 5(b)

{NS + kNg

Np = Ng + kENgp — round (m+ 1)} (21a)

N. N,
Np3 = Ng + kNp —round{m<\/§m+ 1)}

2 2
(21b)

3) Potential Redundancy in the MMC PQ Capability: Ta-
ble I shows the system parameters for determining the po-
tentially redundant SMs with the flexible redundancy scheme
to contribute to the MMC fault tolerance of a simple system
depicted in Fig. 6, which shows that the MMC-HVdc system
absorbs real power in the rectifier mode with reactive power
transfer for unity-power-factor operation on the point of inter-
connection (POI). The potential redundancy of the MMC-HVdc
is associated with the remaining capability in the PQ region at
a specific operating point, as illustrated in Fig. 6: the MMC has
40 SMs per arm with 13 redundant SMs and operates at p; in the
steady state. At this point, for the available power transfer, as
indicated in Table I, the modulation index () is approximately
0.8, which is calculated by (22) through the value obtained from
a relation between the PQ capability and the vector diagram in



KANG et al.: EXPLOITING ACTIVE REDUNDANCY OF A MMC TO BALANCE RELIABILITY AND OPERATIONAL FLEXIBILITY

1.5
— MMC-HVDC capacity
= Potential redundancy
1
=
205
=
Y TT
E | A
a 0 H
2 1 7 P1
2 o /-
s -0.5¢ N
&~
-1 n
e
Veony Vr
15 . . 4 K . )
-1.5 -1 -0.5 :) '0.5 1 15
Active pewer [e:u]
'
10-0
’
Y
'
'
v/
-Re 4 +Re

Fig. 7. Potential redundancy capability in the PQ-capability diagram of the
rectifier mode of MMC-HVdc with reactive power for unity power factor on the
POI: point p; indicates the number of potential redundant SMs within the PQ
region.

Fig. 7 as follows:

Veonv /2
m=2—— Voo \/; . (22)
As a result, the number of potentially redundant SMs is 6,
which is calculated by (19b) with k£ = 0, and this MMC system
is, thus, equipped with 19 redundant SMs: six SMs (potential
redundancy) on top of 13 SMs. Therefore, the redundant SMs
provide the MMC with strong fault-tolerant capability, which
is validated through time-domain simulations in Section IV.
This potential redundancy surely depends on the operating point
(modulation index and power angle). As shown in Fig. 7, the
number of potentially redundant SMs increases as the reactive
power decreases and further provides it back to the grid. As the
modulation index determines the converter ac voltage, which is
coupled with the required reactive power in the grid connected
to the MMC, the potential redundancy is associated with the
reactive power compensation. Thus, there is a tradeoff between
a fault tolerance and the reactive power compensation for the
grid. In addition, the converter voltage limit with respect to a
grid condition is a critical factor for the potential redundancy
capability in the PQ-capability region.

IV. SIMULATION RESULTS

In order to demonstrate the fault-tolerant operation of the
MMC with the flexible redundancy scheme, simulations are
conducted using PSCAD/EMTDC with the system parame-
ters listed in Table I. Energy control for the MMC is imple-
mented with the proposed redundancy strategy, as shown earlier
in Fig. 2. Fig. 8 illustrates the switching states of the SMs of the
test system for an operating scenario: Colored bars indicate that
those corresponding SMs run until the bars ends. The vertical
line (i) in Fig. 8(a) indicates that the flexible redundancy mode
is activated after the full voltage-sharing method. The maximum
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number of activated SMs is then reduced from 46 to 40, as shown
in Fig. 9(a). Thus, six redundant SMs reduce the voltage-sharing
effect (from k£ = 1 to k = 0.46) and contribute to the increase of
the average SM voltage. The number of redundant SMs in the
fixed-level mode (not contributing to the increase of the MMC
levels) is still seven. Note that the average capacitor voltage
increases, as shown in Fig. 9(b). The third harmonic is injected
in the modulation signal to further reduce the insertion indices,
as shown in Fig. 9(c). Line (ii) in Fig. 8(a) indicates that the
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Fig. 11.  (a) Number of activated SMs and (b) capacitor voltages in the case

the number of faulty SMs exceeds the number of redundant SMs.

arm energy reference is changed after the redundant SMs in
the fixed-level mode are exhausted. The maximum number of
activated SMs in real time decreases from 38 to 34, as shown
in Fig. 10(a). Consequently, the average capacitor voltage in-
creases and is able to maintain the nominal capacitor voltage
rating (2.5 kV), as shown in Fig. 10(b). It indicates that the
potentially redundant SMs at the operating point within the PQ
capability are capable of providing the additional fault tolerance
to the MMC system with the faulty SMs not replaced yet. As
shown in Fig. 8(b), this research further considers a situation
where additional SM fault occurs only in the upper arm. Even
though the potential redundancy provides the MMC with the
fault tolerance without any physically redundant SMs, this un-
balanced condition increases the capacitor voltage ripple in the
upper arm, as observed in Figs. 11 and 12. The increased capaci-
tor voltage ripple results in the fundamental component (60 Hz)
in the circulating current, which, however, can be eliminated by
the unbalanced arm energy control [36]—[39].

V. EXPERIMENTAL RESULTS

Fig. 13 shows the experimental setup for the nine-level single-
phase MMC with eight SMs per arm, i.e., 16 SMs in total.
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Fig. 13.  Photograph of the experimental setup.

The system specification is as follows: Cs¢ = 1815 uF,
Larm = 10 mH, Ljo,g = 5 mH, Rjgaq = 50 2, V. =300 V, and
an bypass switch for the assumed SM failure. The upper arm
includes SM;—SMg and the lower arm includes SMg—SM;g.
As discussed earlier in Section II and shown in Fig. 14(a), the
voltage sharing method (k = 1) affects the capacitor voltage,
the arm voltage, and the number of levels in the MMC when the
SM,, fault occurs. It also causes the unbalanced condition in the
MMC, as observed in Fig. 14(b). To demonstrate the effective-
ness of the flexible redundancy method, the number of levels of
the MMC originally with nine levels in the full voltage-sharing
mode is reduced to ns (t) = 7 with & = 0.5 (see Fig. 15). Un-
der this condition, the SM voltage ripple (AV¢1) is reduced to
AV(/H. There is no impact on the SM voltages and the number
of levels for an SM fault due to the active redundancy in the
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Fig. 16.  Potential redundancy via the third harmonic injection. (a) Upper and

lower arm voltages and ac voltage with and without the third harmonic injection.
(b) Upper arm and capacitor voltages for an SM fault.

fixed-level mode, which is not shown in this paper, though (see
further discussion in [11] and [21]).

The number of activated SMs with the third harmonic injec-
tion is also presented in Fig. 16(a). This experiment is designed
to demonstrate that the flexible redundancy may enhance the

2241

fault-tolerant operation of the MMC system at the specified op-
erating point by evaluating the potential redundancy, as shown
in Fig. 16(b).

VI. CONCLUSION

This research has investigated the use of redundant SMs of
the MMC. Device reliability (due to voltage stress on the SM
components) and transient control performance (due to the SM
voltage change for the SM fault) are the primary factors for
consideration. Those extra SMs may participate in forming the
ac and dc waveforms or remain energized until an SM fault oc-
curs depending on the conventional strategies in a deterministic
way. The proposed strategy connects these methods and adds to
flexibility in order to manage the SM voltage stress, ripples, and
transients for the SM fault. Specifically, this flexibility allows
for using the energy stored in some redundant SMs not partic-
ipating in the MMC control and may enable the grid service
such as inertial response in emergency. This opportunity may
become more valuable owing to continuously increasing vari-
able renewable generation. It is also worth noting that this paper
sheds new light on the MMC PQ capability associated with the
SM redundancy, considered to be crucial to making the most of
the MMC. This new perspective may refine the current redun-
dancy design process. The technical guide should be a useful
reference for determining and managing the SM redundancy of
the MMC and for planning the MMC operations adaptive to the
dynamically changing grid conditions.
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