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Abstract: Modular multilevel converters (MMCs) based on half-bridge submodules (HBSMs) are
unable to prevent the AC side contribution to DC side fault currents, thus necessitating circuit
breakers (CBs) for protection. A solution to this problem is using submodules (SMs) that are capable
of blocking the flow of current from the AC grid to feed the DC side fault. The full-bridge submodule
(FBSM) is one type of fault blocking SM where the presence of two extra switches ensures that in
the event of a DC fault, the reverse voltage from the FBSM capacitor is placed in the path of the
AC side current feeding the DC side fault through the antiparallel diodes. However, the additional
semiconductor switches in the FBSMs increase the converter cost, complexity, and losses. Several

SM configurations have been proposed in recent years that provide DC fault blocking capability

chedfktfor with lower losses and device counts than those of FBSMs. Besides, many of the proposed hybrid
updates . . . . . .

converter configurations that combine different topologies to optimize converter performance are
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) o ) also capable of providing DC fault blocking. Furthermore, certain SM topologies are capable of
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Modular Multilevel Converter riding through DC faults by remaining deblocked and operating in static synchronous compensator

(STATCOM) mode to provide reactive power support to the AC grid. In this paper, noteworthy SM

Configurations and Submodule

Topologies from DC Fault Blocking and MMC configurations capable of DC fault blocking and ride-through are reviewed and compared

and Ride-Through Capabilities in terms of component requirements, semiconductor losses, and DC fault handing capability. The
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review also includes a discussion on control strategies for MMC arm/leg energy balancing during
STATCOM operation.
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published maps and institutional affil- High voltage direct current (HVDC) transmission has received substantial attention

and has gone through notable developments in the last few decades, particularly due to its
suitability for renewable energy integration. Line-commutated converters (LCCs) used to
be the predominant technology in HVDC systems, but voltage-sourced converters (VSCs)
have recently gained popularity due to their smaller footprint, as well as decoupled active
and reactive power control, voltage support provision, and black-start capabilities [1]. The
modular multilevel converter (MMC) is the most recent addition to the VSC family [2].
MMCs are now being widely implemented in both medium and high voltage transmission
systems since they address many of the limitations encountered in conventional VSCs, such
Attribution (CC BY) license (https:// 35 scalability to higher voltages by the addition of more levels, provision of smooth output
creativecommons.org/ licenses /by / voltage waveforms at a lower switching frequency, and elimination of low-order harmonics
40/). which typically require large filters [3,4].
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Designing appropriate protection for HVDC systems is more challenging when com-
pared to HVAC systems due to the lack of zero-crossing in the DC current and limitations
in overload capability of semiconductor devices used in the converters. The latter is par-
ticularly true in the case of VSC-based HVDC systems where IGBTs replace thyristors
that are prevalent in LCCs. Like the conventional VSC, MMCs are vulnerable to DC side
faults. DC faults in the HVDC transmission system can be categorized into pole-to-ground
and pole-to-pole faults [5,6]. During pole-to-ground faults, the voltage of the un-faulted
pole would rise to twice the rated value [7]. For unearthed or high impedance grounding
systems on the DC side, pole-to-ground faults will not lead to overcurrent but will cause
significant voltage stresses. Pole-to-pole faults on the other hand will give rise to very high
DC side fault currents, especially in low impedance grounding systems.

MMCs consist of stacks of cells or submodules (SMs). The simplest and most economi-
cal SM topology is half-bridge SM (HBSM). Due to the presence of freewheeling diodes in
HBSMs, they are unable to prevent AC side contribution to DC faults. DC circuit breakers
(DCCBs) may be used to clear DC faults when HBSMs are used [8]. DCCBs can be classified
into three main types: mechanical, solid-state, and hybrid. Mechanical DCCBs [9,10] are
typically slow in clearing DC faults and this may lead to damage to the semiconductor
devices. Solid-state CBs [11-13] have a much faster response to faults, but they are signifi-
cantly more expensive and have high on-state losses. Hybrid DCCBs are a combination
of semiconductor devices and mechanical switches, featuring lower conduction losses.
However, they are expensive and have a large footprint [14]. The use of alternating current
CBs (ACCBs) on the AC side is another option to clear DC faults. However, ACCBs take a
few cycles to trip and are not adequately fast for HVDC systems protection [15].

Recent research has focused on taking advantage of the inherent fault blocking ca-
pability of SMs with modified designs. Such modifications can provide a reverse voltage
in the path of fault current, thus driving the current down to zero. Furthermore, certain
fault blocking SMs may also be utilized as wave-shaping circuits to control the AC currents
and provide reactive power support to the grid. The full-bridge submodule (FBSM) was
developed by adding two switches to the HBSM structure to provide DC fault blocking
capability. However, it has nearly double the conduction losses and device count when
compared to HBSM. Several SM configurations have been developed over the years that
provide DC fault blocking capability with lower losses and device count than those of
FBSM, giving rise to a class of DC fault blocking converters. Therefore, there is a crucial
need for a comparative evaluation of various proposed SM configurations, rather than
comparing them only against FBSM, to identify the suitable configuration for any given
application. Moreover, one of the most challenging tasks in an MMC is the energy balancing
of the floating capacitors in the SMs. For proper operation, MMC control needs to regulate
the total energy stored in the SM capacitors. This can be done either by controlling the
voltages of the capacitors in the SMs [16] or by taking an energy-based approach where
the total energy of the SMs in the converter arms and legs are regulated. The energy-based
approach, first introduced in [17], has gained popularity in recent years since it achieves
balancing by manipulating circulating currents without affecting output currents [18].

Several reviews, with MMCs as the focus, have been published in recent years. In [4],
the development and future trends of MMC topologies were presented along with the
technical challenges associated with notable MMC control methods. However, the DC fault
tolerance of certain MMC SMs was not discussed in detail. Similarly, MMC modulation
and control strategies were reviewed in [16]. Two modified SM configurations were
proposed as well, but details of fault ride-through mechanisms were not discussed. The
authors in [19] provided a general overview of the MMC with regards to modeling, control,
notable topologies, and applications. DC side fault mitigation by utilizing fault blocking
SMs was mentioned but not elaborated on. In [20], notable approaches related to fault
diagnosis, fault tolerance techniques, and MMC control during fault conditions were
reviewed. Once again, an extensive analysis of DC fault blocking SMs and DC fault-ride
through techniques were not provided. In [21], SM configurations were discussed in terms
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of component requirements, conduction losses, and fault blocking ability. However, only a
few SM configurations were discussed, and hybrid configurations were left out altogether.
In [22], a more comprehensive review of fault blocking SMs as well as fault ride-through by
utilization of the STATCOM mode of operation were provided. Even though the mechanism
of fault ride through mode for different topologies was discussed, the energy balancing
strategies utilized during STATCOM operation were not addressed. Similarly, the focus
of [23] was on the STATCOM operation of fault blocking configurations. However, only a
small number of SM configurations were discussed, and the energy balancing issue was
left untouched.

This paper attempts to provide a comprehensive, critical, and comparative review
of notable DC fault blocking SM and MMC configurations and fill in the gaps in the
existing review papers on the topic. The comparisons of SM topologies include component
requirements, conduction losses, and DC fault blocking capability, while investigations
of MMC configurations focus on the ability to ride through DC faults and operate as
STATCOM, with attention to arm and leg energy balancing strategies employed during DC
faults. Dynamic analysis of DC faults falls outside the scope of this paper. Section 2 of this
paper describes the operation of HBSM- and FBSM-based MMCs during normal operation
and under fault conditions; it also explains how overmodulation in MMC requires the
use of bipolar SMs. Section 3 reviews noteworthy fault blocking SMs and compares them
based on features, such as the number of switches in the conduction path, device count,
overmodulation capability, and fault blocking symmetry. Comparisons with regard to the
voltage ratings of IGBT switches and voltage sensor requirements are also made where
appropriate. Section 4 presents a discussion of the findings in Section 3. A review of hybrid
MMCs in terms of structure, device count, and DC fault handling ability is provided in
Section 5, followed by the corresponding discussions in Section 6. Section 7 provides a
discussion on the MMC fault ride-through mode of operation in certain topologies as
well as the control strategies required for STATCOM operation and energy-based arm/leg
voltage balancing. Finally, Section 8 draws some conclusions.

2. MMC Structure and Operation

The generic structure of a three-phase double star MMC is shown in Figure 1la. Single
star/delta MMCs are typically used in STATCOM applications while the double star
configuration is prevalent in HVDC transmission systems [24,25]. Each arm of the converter
is comprised of N series-connected SMs along with an inductor. The purpose of the arm
inductor is two-fold: filtering high-frequency components in the circulating current and
limiting the fault current. The SMs are made up of semiconductor devices and capacitors
and are capable of producing two or more voltage levels. Each MMC arm is capable
of generating the full DC link voltage, Vpc. The number of inserted SMs in the upper
and lower arms is varied to generate a multilevel waveform at the AC terminals. The
phase x terminal voltage, vy (x € 4,b,c) in Figure 1a, may be expressed in either one of the
following ways:

X 2 dt 7 (1)
Vbe di
vx = =5 + oy + L, )

where vy, and vy, denote the total upper and lower arm SM voltages, and iy, and i,; are
the upper and lower arm currents in each phase. The modulation index, m, is defined as
the ratio of the peak value of the AC side phase-to-neutral voltage to half of the DC link
pole-to-pole voltage,

m = Vx
"~ 05Vpe
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Figure 1. (a) Structure of a three-phase MMC; (b) the Half-Bridge SM (HBSM); (c) the Full-Bridge
SM (FBSM).

According to (3), operating in the overmodulation region (m > 1) is possible if the SMs
can generate both negative and positive voltages. Operation in the overmodulation region
is beneficial in cases of DC link voltage reduction, as explained in [26]. If a certain portion
of SMs in the arm is allowed to generate the negative voltage state following a DC side
voltage drop, the peak voltage obtained on the AC side can be kept nearly constant, leading
to m becoming greater than 1. This would ensure continued converter operation even in
cases of a significant reduction in DC side voltage. Furthermore, in [27,28], it has been
shown that the normal operation of FBSM-MMC and mixed FBSM/HBSM-MMC systems
in the overmodulation region reduces the energy storage requirement of the SM capacitors.
This facilitates the reduction of converter size and cost.

The arm currents (iy, and i,;) in each phase of the MMC, shown in Figure 1a, can be
expressed as a combination of the AC output current iy and a common-mode current iy,

. . 1.
Iyy = lxz + Elx/ 4)
. . 1,
ix = faz = 5ix ®)

where the common-mode current represents a combination of the DC bus current (Ipc)
and AC circulating current components. The DC part of the common-mode current is
responsible for active power flow through the converter while the AC part, which is a neg-
ative sequence current, causes power loss in the converter and needs to be suppressed [29].
Traditional vector control methods [30-32] are commonly implemented in MMC-HVDC
systems. Various modulation methods, such as the nearest level modulation [33,34] and
high-frequency carrier-based sinusoidal pulse width modulation techniques [35-38], can
be employed for the generation of the AC side waveforms. Since MMC SMs contain capaci-
tors, voltage balancing [39—41] and sorting algorithms are also implemented to keep the
capacitor voltages close to their nominal values.

The HBSM structure is depicted in Figure 1b. It is capable of generating two voltage
levels during normal operation as shown in Table 1. The absence of a negative voltage state
means that the modulation index is limited to a maximum value of 1 or 1.15 with selective
harmonic elimination. During the blocking state, the SM capacitor is inserted in the current
path for only one direction of current as illustrated in Figure 2. On the other hand, the
FBSM, shown in Figure 1c, can generate three voltage levels: 0, V¢, and — V¢, during normal
operation, as shown in Table 2. The presence of the two additional IGBTs along with their
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antiparallel diodes ensures that regardless of the arm current direction, the capacitor in
each SM is inserted with the opposite polarity into the fault current path when a DC side
fault occurs and all IGBTs in the SMs are blocked (Figure 3). Hence, the FBSM is a bipolar
SM that can generate negative voltage states [42] not only during fault blocking, but also
during normal operation, which is an essential feature when the overmodulation capability
is required in the converter.

Table 1. HBSM Switching States.

Blocking State
ism Usm
>0 V.
<0 0
Normal Operation

Switches On Usm
T2 0
T1 V.

Ism>0 ism<0

=V

(a) (b)

Figure 2. Fault current path: (a) HBSM for is;, > 0; (b) HBSM for is,,, < 0.

Table 2. FBSM Switching States.

Blocking State
Tsm Usm
>0 Ve
<0 Sz

Normal Operation

Switches On Usm
T1,T3 0
T2,T4 0
T1,T4 Ve
T2,T3 -V

A DC side fault event in MMCs can be divided into three stages [43—46]. In the first
stage, the MMC is still able to generate the AC side voltages and therefore the AC side
currents remain controlled. So, the fault current in this first stage consists mainly of a DC
component due to the discharge of the SM capacitors. The discharge of the capacitors
means that the MMC can no longer generate the AC side voltages and starts to lose control
of the AC side currents. So, in the second stage, the AC side starts contributing to the
fault. Thus, there is an AC component in the fault current in addition to the DC component.
In the third stage, all IGBT switches in the SMs are blocked, which prevents the further
discharge of capacitors. However, depending on the type of SM used, the AC side may
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still feed the DC side fault [47] due to the freewheeling diodes in the SMs. The fault stages
1 and 3 are illustrated in Figure 4; stage 2 is omitted since it is merely a combination of
stages 1 and 3.

ism>0 ism<0

(a)

+Voc/2

+Voc/2

DC Fault DC Fault

-Voc/2

Figure 4. Pole-to-pole fault current path in HBSM-MMC during (a) Stage 1; (b) Stage 3.

During a DC side fault in the HBSM-MMC, the IGBTs are blocked. For a positive SM
current (is;; > 0) in Figure 2a, diode D1 and the capacitor in each of the SMs are in the fault
current path. Therefore, the total capacitor voltage of the HBSMs in each MMC arm would
equal Vpc. If the fault on the DC side is a pole-to-ground fault, then the peak AC side
voltage would be equal to Vpc/2 from (1) and (2). Since the reverse voltage generated
by the MMC arm would be greater than the peak AC grid phase voltage, diodes D1 in
the HBSMs will be reverse biased, and the fault current would be suppressed. However,
for iy, < 0, as shown in Figure 2b, the SM capacitors are bypassed entirely, and no reverse
voltage would be inserted by the SM capacitors in the current path. Therefore, the AC
side source will feed the pole-to-ground fault on the DC side. In the case of a pole-to-pole
fault on the DC side, as shown in Figure 5, the peak line-to-line AC side voltage would
be \@VDC /2. For igy > 0, the arms of the MMC will insert a total reverse voltage of 2Vpc
in each phase while the arms will be bypassed for i, < 0. The fault current path in the
HBSM-MMC for a pole-to-pole fault is shown in Figure 5. Regardless of the type of fault,
the HBSM is incapable of blocking the AC grid contribution to the DC fault current.
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+Voc/2

Phase A Upper Arm
Phase B Upper Arm
Phase C Upper Arm

Li L L DC Fault
a
_—
b
C i

Phase A Lower Arm
Phase B Lower Arm
Phase C Lower Arm

-Voc/2
Figure 5. Fault current path in HBSM-MMC during pole-to-pole fault.

The increased power losses and device cost of additional components have led some
researchers to focus on the modification of the HBSM to protect the MMC from overcur-
rent. The single thyristor switch scheme [48,49] (Figure 6a adds a thyristor across the AC
terminals of the traditional HBSM. This thyristor is fired once a DC side fault is detected
(Figure 6b). The fault current path shown in Figure 6b is similar to that of Figure 5 except
the thyristors are conducting rather than the SM diodes. Since the thyristor current carry-
ing capability is higher than that of diodes, this design helps to protect the diodes from
overcurrent during a DC fault. The authors in [50] proposed the double thyristor switch
scheme (Figure 6¢). When both thyristors are fired after the occurrence of a DC fault, the
MMC arms are converted into six RL branches, as shown in Figure 6d. This effectively
converts the DC side short circuit into an AC short circuit since the AC side currents sum to
zero at the DC poles. The DC fault current decays to zero, but the AC short circuit currents
continue to flow in the arms of the MMC, and therefore such a design is only suitable for
non-permanent faults.

+Ve/2

. Y

+
u{m

—Ve

>

~Voe/2
(a) (b)

Figure 6. Cont.
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+Ve/2
[
RT R R
L L Li
e S
L L& L
R% R% R
=Voe/2
(c) (d)

Figure 6. (a) Single thyristor switch scheme; (b) Single thyristor switch scheme equivalent circuit
during fault; (c) Double thyristor switch scheme; (d) Double thyristor switch scheme equivalent
circuit during fault.

3. SM Configurations

In the following subsections, the pros and cons of several noteworthy MMC SM
configurations with fault blocking capability will be discussed.

3.1. SMs Based on Standard HB and FB Structures

Removing a single IGBT from the standard FBSM results in the unipolar full-bridge
submodule (UFBSM) structure [51], as shown in Figure 7. Since D3 is unidirectional, the SM
is unable to generate a negative voltage during normal operation. Fault blocking operation
remains intact, but overmodulation is no longer possible. This structure features a slightly
lower device count than the FBSM, albeit with similar conduction losses.

Blocking State
D3 .

tsm Usm

>0 V.
<0 -V

D4 Normal Operation

Switches ON Vsm

T2,T4 0

— T1,T4 v,

Figure 7. UFBSM.

Authors in [52] proposed two types of SM by modifying the bypass switch in the
traditional HBSM, as shown in Figure 8a,b, respectively. The Type I SM inserts two diodes
and one IGBT in the conduction path for the zero-voltage/bypass state. As a result,
conduction losses in Type I are higher when compared to Type II SM, which inserts one
diode and one IGBT in the conduction path for the zero-voltage /bypass state. Therefore,
conduction losses of Type II SMs are comparable to those of the standard HBSM. The
proposed structure achieves DC fault blocking by removing the gating signals to the IGBTs.
For i, > 0, the fault current is suppressed by the capacitors. For i, < 0, the bypass switches
that have been turned off prevent the flow of the fault current. This implies that there
is no alternate conduction path for the fault current which may create overvoltage and
subsequent damage to semiconductor switches. For this reason, the authors proposed the
use of RC filters at the AC terminals to provide a path for the fault current. However, the
adoption of such filters would lead to an increase in the overall cost.
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+ T Tx
D2 D1
+
Vsm C”= Ve *
- T — Spum—
D4 D3 -
Blocking State Blocking State
ism vsm ism vsm
>0 V. >0 V.
<0 - <0 -
Normal Operation Normal Operation
Switches ON Vm Switches ON Vsm
T 0 T1,T2 0
Tx /A Tx /A

(@ (b)
Figure 8. HBSM with modified bypass switch: (a) Type I; (b) Type II.

3.2. The Clamp Circuit Based Submodules

The diode clamp submodule (DCSM) structure proposed in [53] (Figure 9) is formed
by adding two diodes (D3 and D4) and an IGBT (T3) to the standard HBSM. The number
of switches in DCSM is the same as that in UFBSM. Similarly, the DCSM does not support
bipolar operation. Each SM has two capacitors but there are only two voltage levels
available during normal operation. This is because there is no individual control over
the insertion of the capacitors into the current path. To ensure an even comparison with
other SM configurations, the total voltage (V.1 + V,2) across the two capacitors in the SM is
taken to be equal to V¢, implying that, with identical capacitances, the voltage across each
would then be Vpc/2N. The IGBT T3 is always kept on during normal operation, which
means there are two switches in the conduction path, as is the case of the UFBSM /FBSM.
During DC faults, the SMs are blocked. When iy, > 0, both capacitors are inserted into the
current path to oppose the flow of the current leading to a total reverse voltage of Vpc being
generated by each arm. For is;, <0, the current is directed through diode D4 which inserts
capacitor C2 into the current path with a total reverse voltage of Vpc/2 being inserted into
the current path by each arm. For is,, > 0, both capacitors C1 and C2 are utilized for fault
blocking while for is;, < 0 only capacitor C2 is available for fault blocking. An asymmetry
such as this during fault blocking leads to longer fault current suppression times [54]. One
benefit of this SM is that the blocking voltage of T3, D3, and D4 needs to be only Vpc/2N,
or half the maximum blocking voltage in an FBSM. UFBSMs/FBSMs require all switches to
be capable of blocking the full SM voltage (Vpc/N).

Blocking State
ism Vom
>0 Ver + Ve,
<0 Ve,
Normal Operation
Switches ON Vsm
12,13 0
T1,T3 V.

Figure 9. DCSM.



Energies 2022, 15, 4176

10 of 32

The clamped double submodule (CDSM) [54], shown in Figure 10, contains two
capacitors and can generate three voltage states, 0, V;, and 2V,. CDSM is incapable of
generating negative voltages during normal operation. While two FBSMs use a total of four
switches to generate the three voltage states, CDSM requires only three switches, resulting
in lower conduction losses. During faults, both capacitors are involved in the blocking
operation when the SM current direction is positive. For the negative current direction, the
SM capacitors are inserted in parallel, and hence the reverse voltage generated per arm
is Vpc /2. The equivalent circuit of a CDSM-MMC during a pole-to-pole DC side fault is
shown in Figure 11.

D6 Blocking State
:‘ iSm vSm
Ti| D3 >0 2V,
+ 15) lps |+ <0 —Ve
~Ve - c2_—Ve Normal Operation
- T 14 - Switches ON Vs
4 T2,T3,T5 0
: T1,13,T5 v,
- T2,T4,T5 v,
T1,T4,T5 2V,
Figure 10. CDSM.
I T ¥ +Voc/2 I T +Voc/2

4

D7

2r Arm
S
S
S o
& 2

Upp:!
S
S
=2

Phase A Upper Arm
Phase B Upper Arm
Phase C Upper Arm
+p ! 1
o <] 2 o
Phase C Upper Arm

Phase B Upper Arm

3}

Phase A

S
S
=]
S

174

DC Fault

Ql
A

DC Fault L%

i ‘
sl
[ Uy

i

~ 02
== . - LYy §== ) _
E +¥ £ = E|c2== %6 = 3
B —_=C2 < - <| ¥ < \,
5| ¥ 5| #v 2
&l ¢ 3 3 g 3 K
: ' ) 3] z D2 @ %)
D1 ) ) Q
2 +ic, @ B[p7& =Lc1 8 8
© | = B 8| L ¥ £ £
& +§°5 o & T|c2- K6 & &
- C2 #
?m D3
Y I I Vo/2 [ [ “Voc/2
(a) (b)

Figure 11. Fault current path for pole-to-pole fault in the CDSM-MMC, showing one phase for
(@) ism > 0 and (b) isy, < 0.

The semi full-bridge submodule (SFBSM) proposed in [55] and illustrated in Figure 12
is derived from CDSM. The diodes D6 and D7 in CDSM are replaced by active switches to
facilitate bipolar operation. This structure allows the SM capacitors to be connected in paral-
lel with either polarity resulting in a reduced number of voltage sensors, which is a definite
advantage when sorting algorithms are utilized to ensure SM capacitor voltages in the arms
remain nearly constant during MMC operation. For instance, the widely implemented algo-
rithm presented in [56] sorts the SM capacitor voltages in order of magnitude. Afterward,
depending upon the arm current direction and the number of SMs to be inserted in the arm
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(determined in the modulation stage), SMs with the lowest (highest) voltage magnitudes
are selected to be in the current path to be charged (discharged). The implementation of
such an algorithm requires all SM capacitor voltages to be monitored using voltage sensors.
The number of required sensors is equal to the number of capacitors, implying that the
sorting algorithm will need a significantly high number of sensors for voltage balancing if
each SM contains more than one capacitor. The utilization of the switching state enabling
parallel connection of the two capacitors within each SM ensures both capacitors remain at
the same voltage level such that only one voltage sensor per SM is sufficient to monitor the
capacitor voltages.

Blocking State
D3 Lsm Usm
>0 2V,
<0 -V
D4 T6 D6 Normal Operation

+ 5 Switches ON Vsm

2 Ve T2,T5,17 0

D5 - T7 D7 T1,T3,T6 0

B T1,T3,T5,17 Ve
_ T2,T3,T5,T6 -V
T1,T4,T7 2V,

Figure 12. SFBSM.

SFBSM on-state losses are comparable to those of CDSM, as three switches are sufficient
to realize output voltage levels 0 and 2V,. It is only the parallel connection mode (V, —V;)
that involves the use of four switches. Fault blocking is asymmetrical with only capacitor
C1 available to suppress the fault current when is;, < 0.

The active clamped T-type submodule (ACTSM) proposed in [57] is unipolar with
symmetrical DC fault blocking capability. The SM structure and switching states are shown
in Figure 13. When either one of the capacitors is inserted into the current path, three
switches are operational. However, when both capacitors are inserted, only two switches
are required to be on. This is a definite advantage as two FBSMs require four switches to
produce the 2V, output level. Conduction losses in ACTSM are seen to be lower compared
to those of other symmetrical fault blocking topologies, including the FBSM and the cross
connected SMs that will be introduced later.

Blocking State
D1
lsm Usm
+
Ve A8 >0 2V
D2 p3 - D4 <0 -2V,
[ | Normal Operation
X/ X7 TS
T3 T T ks Switches ON Vem
Vsm +
B P T2,T3,T4,T5 0
- YK T1,T4,T5 A
_ T2,T3,T6 A
T1,T6 2V,

Figure 13. ACTSM.

Among the clamped SMs, the SFBSM has the highest number of switches in the
conduction path and therefore would exhibit the highest conduction losses. However,
the reduced voltage sensor requirement is a definite advantage in terms of cost. The
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CDSM has lower conduction losses but is only capable of unipolar voltage generation,
making overmodulation impossible. Meanwhile, the ACTSM has comparable conduction
losses when compared to the CDSM and has bipolar voltage generation capability. The
only drawback is the lack of the parallel SM capacitor insertion state when compared to
the SFBSM.

3.3. The Cross Connected Submodules

The three-level cross connected submodule (TLCCSM) presented in [58] can be thought
of as two HBSMs connected in series using a clamp circuit, as illustrated in Figure 14. Fault
blocking is symmetrical. However bipolar operation is not possible due to the presence
of diodes in the clamp circuit. Four switches need to be operational for the realization
of all voltage states, making conduction losses comparable to those of FBSMs. TLCCSM
has a lower device cost compared to the FBSM as two of the IGBT switches are replaced
with diodes.

D6 Blocking State
I I | ism Vsm
X_/ >0 2V,
= T3 D3 <
4 <0 -2V,
+ N 10 ti
2=y ormal Operation
) 2 Switches ON Vsm
5 T2,T3,T5,T6 0
D8
i T1,T3,T5,T6 V.
T2,T4,T5,T6 V.
T1,T4,T5,T6 2V,

Figure 14. TLCCSM.

The five-level cross connected submodule (FLCCSM) [59] (Figure 15) is comprised
of two HBSMs cross connected using two switches. All five output voltage levels, 0, V.,
2V, —V;, and -2V, require the operation of three switches, making conduction losses
comparable to those in the CDSM. Bipolar voltage output enables operation in the over-
modulation region if required. A major shortcoming of FLCCSM is that the clamp switches
need to withstand the combined voltage of the two SM capacitors (2V.) and may require a
series connection of two switches, which will lead to higher conduction losses than that of
the FBSM.

Blocking State
lsm VUsm
>0 2V,
<0 -2V,
Normal Operation
Switches ON Vsm
T2,T3,T5 0
T1,T4,T6 0
T1,T3,T5 V.
T2,T4,T5 V.
T2,T4,T6 -V
T1,T3,T6 -V
T1,T4,T5 2V,
T2,T3,T6 =2V

Figure 15. FLCCSM.
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The series-connected double SM (SDSM) [60], also called three level SM in [51], is
derived from FLCCSM by the removal of the bidirectional switch T6 and making the switch
unidirectional. The outcome is a slight reduction in device count while keeping the DC
fault blocking operation symmetrical. However, the SM becomes unipolar as a result.

The FLCCSM has a clear advantage over the TLCCSM in terms of conduction losses
Moreover, it has the bipolar voltage generation capability which is missing in the TLCCSM.
However, if two IGBTs in series are required to be installed in the clamp switches, then the
FLCCSM would become inferior to the TLCCSM from a conduction loss standpoint.

3.4. Other Fault Blocking Submodules

This subsection presents fault blocking SM structures that do not fall under broader cat-
egories.

3.4.1. Mixed Submodule

The mixed submodule (MSM) [61,62] is a series connection of an HBSM and any fault
blocking submodule. The MSM provides asymmetrical fault blocking due to the presence
of HBSMs but has overmodulation capability. The most common type of MSM is formed
by combining HBSMs and FBSMs as illustrated in Figure 16. The generation of all voltage
levels in such MSM structures requires the operation of three switches, making on-state
losses the same as in the CDSM. However, when compared to CDSVM, it has one more IGBT
and one less diode, resulting in a slight increase in the semiconductor device cost.

Blocking State

ism vsm
>0 2V,
<0 A

Normal Operation
Switches ON Vem
T1,T3,T5 0
T2,T4,T5 0
T2,T3,T6 0
T1,T4,T5 /A
T1,T3,T6 /A
T2,T4,T6
T2,T3,T5 -
T1,T4,T6

N

~ < e

nNo

Figure 16. MSM.

When a single capacitor cell structure such as the FBSM is used in an MSM as the
fault blocking SM, replacing 50% of the HBSMs with FBSMs is sufficient to block both
pole-to-pole and pole-to-ground faults on the DC side [63]. On the other hand, in an
MSM configuration comprised of fault blocking SM containing two capacitors in the
cell, the calculation to determine the minimum required number of fault blocking SMs is
performed differently as described in [59]. In MSM configurations, if double capacitor SMs
with symmetrical fault blocking capability are utilized, 50% of the HBSMs in the mixed
configuration will need to be replaced with fault blocking SMs for suppressing pole-to-
ground faults while 44% replacement is enough for pole-to-pole fault current clearance [59].
If double capacitor SMs with asymmetric fault blocking capability are used, all SMs in the
arms will need to be of the fault blocking type for the suppression of pole-to-ground faults,
while an 88% replacement is sufficient when only pole-to-pole fault current suppression
is desired.
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3.4.2. Composite Submodule

The composite submodule (CSM) proposed in [63] is shown in Figure 17 along with
its switching states. Like the SFBSM, CSM has additional voltage states allowing the SM
capacitors to be inserted in parallel (V; voltage state), which helps with capacitor voltage
balancing. The conduction losses in this module are lower than those of SFBSM since the
number of switches in the conduction paths for 0 and 2V, voltage states are lower than that
in SFBSM by one.

Blocking State
2 lsm Vsm
F:—l >0 2V,
+ T(:r <0 -V
“ > > Normal Operation
—[:tl_ Switches ON Vsm
T3T T2,T5 0
5} D4 e T1,T4,T5 A
- T1,T5,T6 A
T1,T4,T5,T6 A
T1,T3,T5 2V,

Figure 17. CSM.

3.4.3. Switched Capacitor Submodule

The motivation behind the development of the switched capacitor submodule (SCSM) [64]
was to reduce the total number of voltage sensors. The SCSM shown in Figure 18 does
not support bipolar operation and provides asymmetrical fault blocking. The 0 and 2V,
voltage states are obtained using four switches. The V. voltage state is obtained either
by the insertion of an SM capacitor into the circuit using three switches or by the parallel
insertion of the SM capacitors (similar to the case of SFBSM), which would increase the
number of conducting switches to five. It is noteworthy that the generation of all voltage
states requires conduction through one extra switch compared to SFBSM.

iﬂn Blocking State

lsm Usm

}Do >0 2V,
<0 -V

Normal Operation
TS

v _|< Switches ON Vem

T2,T4,T5,T6 0

T1,T4,T5 |4

T3,T4,T6 |4

A7

T1,T3,T4,15,T6 /A

— T1,12,13,T4 2V,

Figure 18. SCSM.
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3.4.4. Double Reverse Blocking Submodule

The double reverse blocking submodule (DRBSM) proposed in [65] is shown in
Figure 19. The reverse blocking IGBT (RB-IGBT) unit consists of two antiparallel RB-
IGBTs. Symmetrical fault blocking is provided with only two switches in on-state for any
of the voltage states. This is an improvement over other SM configurations since conduc-
tion losses are comparable to HBSMs. However, the lack of overmodulation capability is
considered a drawback.

Blocking State
sm Vsm
b3 >0 2V,
<0 -2V,
Normal Operation
D4 Switches ON Vsm
T2/T3,T5/T6 0
T1,T5/T6 A
— T2/T3,T4 v,
T1,T4 2V,

Figure 19. DRBSM.

3.4.5. Asymmetric Full-Bridge Blocking Submodule

The asymmetric full-bridge submodule (AFBSM) [66], shown in Figure 20, is a bipolar
SM capable of asymmetrical fault blocking. During normal operation, only two switches
need to be operational to attain the four voltage levels. Hence, the advantage of this config-
uration is in its low conduction losses. However, switches T1 and T2 need to withstand the
sum of the voltages of two capacitors. Therefore, they need to be rated at higher voltages
or a series connection of two switches may be required, which would result in increased
conduction losses.

Blocking State
cz_l_+V(. Lsm Vsm
- >0 2V,
T1 D1
fom Normal Operation

+_’_ 1= Switches ON Vsm

T2 D2 T2,T4 0

Vsm '| T1.T3 V.

7 C
- T2,T3 -V
T1,T4 2V,

Figure 20. AFBSM.

4. Comparative Evaluation of Different SM Configurations

A comparison of SM configurations in terms of device count, number of required
voltage sensors, number of switches in the conduction path, overmodulation capability, and
fault blocking symmetry is provided in Table 3. Among the SM configurations discussed
in the previous section, configurations, such as the SFBSM and SCSM that allow the
parallel connection of capacitors, are desirable when employing a lower number of voltage
sensors is important. The analysis suggests that further research on SCSM and SFBSM
configurations would add significant value since employing a lower number of voltage
sensors would lead to considerable cost reduction. AFBSM is the preferred configuration if
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reducing conduction losses is a priority. However, fault blocking in AFBSM is asymmetrical,
leading to longer fault current suppression times. Meanwhile, the FLCCSM is capable of
both overmodulation and symmetrical fault blocking. For both AFBSM and FLCCSM, the
voltage ratings of IGBT switches need to be twice those for other SMs, leading to high cost
and conduction losses. MSM (with a mix of HB and FBSMs) and CDSM configurations are
similar to FLCCSM in terms of device count and conduction losses. While the CDSM is
unipolar which makes overmodulation impossible, the MSM has bipolar voltage generation
capability. Moreover, MSM with a mix of HB and FB modules would be commercially
viable since significant research has already been conducted on the operation, control, and
voltage balancing of such systems, including operation in the overmodulation region.

Table 3. Comparison among different fault blocking SMs.

FBSM UFBSM  DCSM Mixed
@ SMs) @SMs) (2 SMs) CDSM SCSM  SFBSM CSM TLCCSM FLCCSM ACTSM  AFBSM SM
No. of IGBTS 8 6 6 5 6 7 6 6 6 6 4 6
No. of diodes 8 8 8 7 7 7 1 8 6 8 4 6
No. of switches in
conduction path for 4/4/4 4/4/4 4/4/4 3/3/3 4/5/4 3/4/3 2/4/3 4/4/4 3/3/3 4/3/2 2/2/2 3/3/3
0/V./2V. states
No. of voltage sensors 2 2 2 2 1 1 1 2 2 2 2 2
Overmtglulatiqn/ Bipolar Yes No No No No Yes Yes No Yes No Yes Yes
peration
Symmetrica} DC fault Yes Yes No No No No No Yes Yes Yes No No
blocking

5. Hybrid MMC Configurations

Hybrid MMC configurations aim to optimize converter performance in various ways,
including combining two different SM configurations or making adjustments in the MMC
structure. The majority of hybrid configurations involve the use of FBSMs in a two-level
converter structure. The two-level VSC features low semiconductor device requirement
compared to MMCs but requires the use of high-frequency pulse width modulation (PWM)
to obtain a sinusoidal output voltage of acceptable quality. Moreover, the generation of
only two voltage levels requires turning switches on and off under high currents and
voltages, leading to high losses in the switches, especially at a high switching frequency.
Furthermore, the two-level VSC is not capable of providing DC fault protection. Recent
research in this area has involved the placement of FBSMs either on the AC or DC side of
the two-level converter leading to various innovative designs. This section will describe
such configurations and will touch upon noteworthy hybrid MMCs as well.

5.1. Improved HBSM-Based MMC

Authors in [67] proposed an improved HBSM-based MMC (Figure 21a) where the
director switches (Tj, T;) and diodes are installed around each arm. During normal
operation, the director switches are kept closed and the operation of the improved structure
is identical to that of conventional HBSM-MMC. After the occurrence of a DC side fault, all
IGBTs in the director switches and the HBSMs are blocked. For the positive arm current
direction (Figure 21b), the director switches are shorted, but the HBSM capacitors are
capable of providing the necessary reverse voltage. When the current direction reverses,
the antiparallel diodes in the director switches block the flow of the arm current. The
current is then redirected into the opposite terminal of the MMC arm through the diodes
connected in parallel to it such that the current flow direction through the SMs remains
the same (Figure 21c). This ensures continued blocking of the fault current by the HBSM
capacitors. The director switches will thus need to withstand significant high voltage
stresses during faults and ensure conduction through the alternate path.
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Figure 21. (a) Improved HBSM-based MMC arm; (b) fault current path through an arm for iagy > 0;
(c) fault current path through an arm for isgps < 0.

5.2. Alternate Arm Converter

The alternate arm converter (AAC) [68-70] is derived by placing the cascaded FBSMs
on the DC side of the standard two-level converter. All six arms of the AAC have a chain
link of FBSMs along with director switches, as shown in Figure 22. As in the two-level
converter, the high-voltage director switches are operated in complementary pairs for each
phase. The presence of the FBSM chains in the arms enables soft-switching of the director
switches. Meanwhile, the complementary nature of the director switch operation implies
that only one arm is in conduction at a time. Therefore, the upper arm FBSMs are used to
construct the AC voltage waveform in the positive half cycle while the lower arm generates
the voltage waveform in the negative half cycle. This implies that conduction losses would
be about half when compared to FBSM-MMC-based systems. In [71], a semiconductor
loss comparison between the AAC and the HCMC was made where simulation results
confirmed lower conduction losses in the AAC.

+
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—
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Director Switches
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Figure 22. AAC.

The number of required SMs in the AAC is reduced by half when compared to an
equivalent FBSM-MMC. However, there needs to be a short overlap period, during which
the conduction of switches is transferred from the upper arm to the lower arm in each
phase and vice versa, to facilitate energy balancing in the arms. During this period, both
arms conduct and form a path for current to flow between the DC rails. This circulating
current can be used to achieve various control objectives such as zero-current switching
and arm energy balancing. With a short overlap period, the DC current contains a six-pulse
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ripple that needs to be filtered out. Besides, a short overlap period makes arm energy
balancing challenging as the time window is limited. Several energy balancing methods
based on a short overlap period are discussed in [72-74].

To address the energy balancing problem in the short overlap period, an extended
overlap alternate arm converter (EO-AAC) was proposed in [75], which resulted in a
smooth DC current waveform and eliminated the large DC filter capacitor requirement.
However, DC side inductors were still essential for current control. In [76], active filtering
of the DC current based on internal energy control in the EO-AAC was proposed, which
eliminated the need for the DC side inductors, but soft-switching was not achieved. To
addpress this issue, a zero-current switching method for the EO-AAC was proposed in [77].

An important advantage of the AAC over FBSM-MMC is in the minimum capacitor
energy storage requirement to ensure SM voltage fluctuations are kept within set limits. It
was shown in [78,79] that the capacitive energy storage requirement in the AAC is about
one-third of that in FBSM-MMC even in the case of a short overlap period, with a large DC
filter capacitor present. In the EO-AAC mode with no capacitive filters, there would be an
extra 33% reduction in the energy storage requirements.

5.3. Hybrid Cascaded Multilevel Converters

Hybrid configurations with cascaded FBSM chains on either the AC or the DC side of
the MMC are described in this subsection.

5.3.1. Hybrid Cascaded Multilevel Converters with AC Side HBSMs

The authors in [3,80] presented a hybrid cascaded multilevel converter (HCMC) con-
figuration that has a two-level VSC in the main power stage, which is connected in series
with cascaded FBSMs on the AC side, as shown in Figure 23. Modulation and control
schemes during normal and DC fault conditions for this design were proposed in [81]. This
FBSM chain acts as an active filter or a wave-shaping circuit that eliminates the harmonic
voltages produced by the two-level converter in the main power stage. The two-level
converter produces a square wave output and the wave-shaping circuit compensates for
the difference in the output of the two-level converter and the desired (sinusoidal) output
voltage. The combined output voltage is an almost perfect sinusoid, which is a significant
improvement over the output of the traditional two-level VSC. This allows the two-level
converter to switch at a much lower frequency than would be possible in the absence of
the wave-shaping converter. The fault blocking ability of the FBSM cells is utilized in
the case of DC side faults to suppress the fault current. The cascaded FBSMs must block
half the DC link voltage to provide short circuit protection against both pole-to-pole and
pole-to-ground faults on the DC side. Since the cascaded SMs are placed on the AC side
rather than on the arms, the total SM requirement is reduced to only a quarter compared to
the FBSM-MMC while keeping voltage waveform quality and fault blocking ability intact.
Placing the wave-shaping circuits on the AC side does not, however, solve the problem
of high switching losses in the two-level converter. Even though the two-level converter
switches can be switched at a low frequency, switching losses are still high. Moreover,
as in the case of traditional two-level converters, large DC link capacitors are required in
this configuration. Therefore, high inrush currents due to the recharging of the DC side
capacitors during fault recovery represent a drawback of this configuration, leading to high
current stress on the switching devices. In [82], it was shown that the HCMC has lower
conduction losses than the FBSM-MMC, even when mixed SMs were utilized in the arms
instead of HBSMs.

The hybrid cascaded modular multilevel converter (HC-MMC) with HBSMs in the
main circuit presented in [83] replaces the two-level converter in the main power stage
of the HCMC with HBSMs. The wave-shaping circuit remains identical to that of the
HCMC, as shown in Figure 24. In [84], a control technique to regulate the energy of the
wave-shaping part, i.e., the FBSM chains, was proposed. HBSMs in the arms reduce the
dv/dt stress on the switching devices and enable better reference voltage tracking for the
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AC side FBSM chains, thus improving switching synchronization between the two power
stages. The FBSM chain in each phase only needs to block half the DC link voltage to
facilitate wave-shaping and DC fault blocking, as explained previously. Since the two-level
converter is replaced by HBSMs in the main power stage, high switching losses are avoided.
In addition, the need to have a DC link capacitor is also eliminated. A drawback of this
configuration is that the device count and conduction losses are higher than those of the
HCMC due to the use of HBSMs in the main circuit. Both the HCMC configurations have a
high degree of control complexity due to the need for synchronization between the main
and the wave-shaping circuits.
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Figure 24. HC-HCMC.

The H-bridge hybrid modular converter (HBHMC) [85] offers an improvement over
the HCMC in terms of capacitor voltage balancing while the main difference between the
two structures lies in the use of an H-bridge at the DC terminal in the HBHMC, as shown in
Figure 25. The H-bridge provides isolation or freewheeling mode for the load connected on
the AC side. This gives an extra degree of freedom for the FBSM capacitor voltage balancing.
The HBHMC has two main parts, the main H-bridge circuit (MHBC) and a wave-shaping
circuit (WSC). To obtain three-phase AC voltage, three HBHMCs can be connected either in
series or in parallel (Figure 26a,b). Similar to the HMC with DC side cascaded cells, this
configuration will only be suitable for back-to-back or short-distance HVDC transmission.
In this configuration, DC fault blocking is provided by the FBSM chain.

——FBu|- - -[FB:}—{ FB: -

Figure 25. Single phase diagram of HBHMC.
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Figure 26. (a) Series HBHMC; (b) Parallel HBHMC.

5.3.2. Hybrid Cascaded Multilevel Converters with DC Side HBSMs

The HCMC with DC side cascaded FBSMs, as shown in Figure 27, was presented
along with a discussion on converter operation and control in [86-89]. In this configuration,
the total voltage across the cascaded FBSMs equals the full DC link voltage (Vpc). The
difference between Vpc and the voltage generated by the FBSM chain produces a rectified
voltage across the main H-bridge circuit. The H-bridge circuit then reverses the polarity of
this voltage during the negative half of each fundamental cycle to produce an AC signal.
The use of the H-bridge at the AC terminal ensures that the converter generates the same
voltage levels per phase as the traditional MMC but with half the number of SMs. Further-
more, the main H-bridge switches operate at the fundamental frequency and the switching
occurs at near zero-voltage (soft-switching), keeping switching losses to a minimum. The
cascaded FBSMs provide the DC side fault protection. A disadvantage of this configuration
is that it is only suitable for back-to-back or short-distance HVDC transmission. This
is because the DC side voltage is half the peak-to-peak AC side voltage. Therefore, the
rated DC side current for a given transmitted power is double when compared to other
hybrid configurations.
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Figure 27. HMC with DC side HBSMs.
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5.4. Series Stacked Hybrid Modular Multilevel Converter

The authors in [90] proposed a three-phase, series-connected MMC (SCMMC) for
HVDC applications to reduce the total number of required SMs when compared to the
FBSM-based MMC. This structure is incapable of blocking DC side fault currents due
to HBSMs in the arms. In [91], the series stacked hybrid modular multilevel converter
(SSHMMC) was introduced (Figure 28). By replacing one-third of the HBSMs with FBSMs
in this configuration, it is possible to incorporate DC fault blocking capability. The DC link
voltage per phase in SSHMMC is Vpc/3. A clear disadvantage of this configuration is that
the peak-to-peak voltages obtained on the AC side would also be reduced to one third.

-
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Figure 28. SSHMMC.

e

It is evident from Figure 28 that during a DC side fault, six out of the twelve arms of
the converter are in the fault current path along with all three of the AC side sources. The
three sources are balanced and sinusoidal. Therefore, the maximum value of the AC side
voltage at any instant of time is 2V};,, where V,;, is the peak value of phase voltage. Since the
maximum AC side voltage is equal to the DC link voltage (per phase), V;; equals Vpc/3.
Therefore, the total blocking voltage required to suppress the fault current is 2Vpc/3.
As mentioned previously, each arm of the converter can block Vpc/3. The six arms in
series generate a total blocking voltage of 2V /3. Therefore, to block DC side faults, it
is sufficient to have one-third of the SMs with symmetrical fault blocking capability. As a
result, there is a reduction in the number of FBSMs required in the arms when compared to
the traditional fault blocking hybrid MMC consisting of HBSMs and FBSMs with a 1:1 ratio.

6. Comparative Evaluation of Different Hybrid MMC Configurations

A comparison among the hybrid MMC configurations in terms of the total number
of SMs and capacitors, total number of IGBTs, number of IGBTs in conduction path, soft-
switching, and overmodulation capabilities are summarized in Table 4. Director switch
IGBTs were taken into consideration during the calculation.
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Table 4. Comparison Among Hybrid MMC Configurations.
HC-MMC with HCMC with DC .
FBSM- . X Series Parallel
MMC HCMC HB' Cel.ls in Side Cascaded AAC SSH-MMC HBHMC HBHMC
Main Circuit FBSMs
DC Link Voltage Vbe Vbe Vbe Vbe Vbe Vbe Vpe Vbe
Voltage Stress Per Device Vpe/N Vbc/N Vpe/N Vbe/N Vpc/N Vbc/N Vpc/N Vbe/N
Maximum AC Phase Voltage Vpc/2 Vpc/2 Vpc/2 Vbe Vpc/2 Vpc/3 Vpc/3 Vbe
Number of Voltage Levels N+1 N+1 N+1 2N+1 N+1 2N/3+1 2N/3+1 2N+1
Total Number of SMs 6N 15N 75N 3N 3N 4N N 3N
Total Number of Capacitors 6N 15N 75N 3N 3N 4N N 3N
Total Number of IGBTs 24N 12N 18N 24N 15N 32N/3 8N 24N
Number of IGBTs in
Conduction Path 12N 6N IN 12N 45N 4N 4N 12N
Soft-switching N/A No N/A Yes Yes N/A No No
Overmodulation/Bipolar Yes

Operation

The AAC has some notable advantages over other configurations. It has a lower
number of SMs compared to FBSM-MMC. It exhibits lower switching losses, especially in
comparison to HCMC-based structures. Moreover, the capacitor energy storage require-
ments are much lower compared to FBSM-MMC systems, which would provide significant
benefits in terms of cell capacitor sizing. The drawbacks of the conventional AAC config-
uration include the requirement of a large DC side filter and challenges with arm energy
balancing. The EO-AAC eliminates the need for the DC filter but is unable to facilitate
soft-switching. Meanwhile, the HCMC topology has the lowest device count. However,
HCMC with DC side cascaded HBSMs and the parallel HBHMC are only suitable for short-
distance HVDC transmission. The series HBHMC and the SSHMC are more appropriate for
low-power applications. However, the HBHMC is incapable of soft-switching. Therefore,
the AAC remains the most promising configuration in terms of commercialization if the
aforementioned issues are alleviated through further research and development. Table 5
provides a summary of the main features of notable MMC configurations.

Table 5. Comparison among MMC Configurations.

HC-MMC with
FBSM-MMC MSM-MMC CDSM-MMC SFBSM HCMC HB Cells in AAC EO-AAC
Main Circuit
Conduction Losses Very High Medium Medium High Low Medium Low Low
Soft-switching N/A N/A N/A N/A No N/A Yes No
Overmodulatign/Bip olar Yes Yes No Yes No Yes Yes Yes
Operation
Vlgltage Sensor High High High Low Low High Medium Medium
equirement
Control Complexity Low Medium Medium Medium Medium High High High

7. STATCOM Operation and DC Fault Ride-Through

During a DC fault, the HVDC link voltage collapses, and active power cannot be
transferred between the AC and DC sides. The MMC can be operated as a STATCOM to
provide reactive power support to the AC system during this period. In the STATCOM
operation mode, certain changes are required to be made with respect to control and
arm/leg energy balancing in the MMC.
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During the normal operation of MMC, the reference voltages used for modulation of
the upper and lower arms (v}, and v};) are expressed as,

« _ VYpc

Oyy = T Uy — Oxz, (6)
Vi
U;l = %C + Ux — Uxz, ()

where vy, denotes the leg internal voltage which is generated due to the flow of circulating
current. If all the SMs are blocked, the MMC cannot supply reactive power to the AC
grid. Instead, if the converter is allowed to operate with the Vpc term in the arm reference
voltage synthesized as zero [92,93], then the DC fault will be cleared. Positive and negative
excursions of the MMC arm voltages will enable them to operate as wave-shaping circuits
and control the AC currents. As long as the SMs have bipolar voltage generation capability,
the MMC can ride through the fault and operate as a STATCOM to provide reactive power
support to the AC grid. The following subsections review some DC FRT strategies and the
STATCOM operation mode of a selected subset of MMC configurations discussed thus far.
The modifications of the arm/leg energy balancing controllers during STATCOM operation
mode are discussed briefly as well.

7.1. Hybrid Arm Based Bipolar MMC

The hybrid-arm-based bipolar MMC [94] is a hybrid configuration where the arms
connected to the ground pole are comprised of HBSMs while the arms connected to the
positive and negative poles can be any type of fault blocking SM. The positive and negative
poles are at +Vpc/2 and —Vpc /2, respectively, with respect to the ground pole. During
both pole-to-pole and pole-to-ground faults, the fault blocking modules connected to the
positive and the negative poles are blocked, enabling the HBSMs to operate as a STATCOM.
Figure 29 shows such a bipolar MMC comprised of UFBSMs and HBSMs. This is a very
simple and cost-effective way of achieving DC FRT ability since the fault blocking SMs
required do not need to have bipolar capability for the converter to work as a STATCOM
during DC faults.
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Figure 29. UFBSM-based hybrid arm bipolar MMC.

7.2. STATCOM Operation Mode of the AAC

The bipolar voltage generation capability of the AAC enables it to operate in STAT-
COM mode during DC faults. Two different modes of operation are presented in [95]
depending on the conduction of the arms. The first mode of operation is similar to the
normal operation mode of the AAC. The upper and lower arms of each phase conduct
alternately. This mode will result in the current flowing through the DC side fault, which is
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not desirable. In the second mode of operation, either all the upper arms or all the lower
arms are utilized during the STATCOM operation. This implies that the upper or the lower
arms can function as star-connected STATCOMs. The current will be constrained to flow
within the arms and will not flow into the DC side.

7.3. STATCOM Operation of Unipolar SM Configurations

The CDSM is incapable of bipolar voltage generation rendering it unsuitable for
STATCOM operation during DC faults. However, the authors of [96] identify switching
states for bipolar operation of the CDSM, but only when the SM current direction is negative.
This implies that the CDSM can operate as a STATCOM during DC faults if the arms are
made to conduct alternately. The switching states for the STATCOM mode of the CDSM
are shown in Table 6, where the “Positive” and “Negative” states denote the bipolar SM
voltages for i, < 0. These switching states are utilized only when there is a DC side fault.
The converter is then able to clear the fault and work as a STATCOM. A disadvantage of
such a STATCOM mode of operation is that it will have half the reactive power capability
compared to MMCs containing bipolar SMs.

Table 6. CDSM STATCOM Mode Switching States.

SM State T1 T2 T3 T4 T5 ism Vsm
Positive 1 0 0 1 0 <0 Ve

Bypassed 1 0 1 0 0 <0 0
Negative 0 1 1 0 0 <0 Sz

As discussed in the previous paragraph, if alternate switching states exist for bipolar
SM voltage generation for a certain direction of SM current, then the STATCOM operation
of such unipolar SM configurations during DC faults may be realized by the alternate
conduction of the arms. The UFBSM is one such fault blocking module that cannot generate
bipolar voltages for both directions of SM current. However, alternate switching states with
bipolar voltage output for is;, < 0 exist and are illustrated in Table 7. Therefore, DC fault
blocking and STATCOM operation are made possible by the alternate conduction of arms.
Similar to the CDSM, a downside is that it will have half the reactive power capability
compared to MMCs containing bipolar SMs.

Table 7. UFBSM STATCOM Mode Switching States.

SM State T1 T2 T4 Tsm Vsm
Positive 1 0 1 <0 Ve

Bypassed 1 0 0 <0 0
Negative 0 1 0 <0 Sz

In [97], the authors propose the STATCOM operation of a hybrid HBSM-SDSM with a
mix of 30% of SDSM per arm. As mentioned earlier, the SDSM (Figure 30) is a unipolar
module that cannot be operated as a STATCOM during DC faults if the switching states
for normal operation are employed. Therefore, just as was the case with the CDSM and
UFBSM, the arms are alternately blocked based on the current direction and an alternate
set of bipolar voltage states is realized for i, < 0. The switching states for the STATCOM
operation mode of the SDSM are provided in Table 8. The line-line voltage generated by the
alternate blocking and conduction of the arms during STATCOM mode is higher compared
to the CDSM-based STATCOM, resulting in superior reactive power capabilities.
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Figure 30. SDSM.

Table 8. SDSM STATCOM Mode Switching States.

SM State T1 T2 T3 T4 T5 ism Vsm
Positive 1 0 0 1 1 <0 2V,
Positive 1 0 1 0 1 <0 Ve
Positive 0 1 0 1 1 <0 Ve

Bypassed 1 0 0 1 0 <0 0

Bypassed 0 1 1 0 1 <0 0

Negative 0 1 0 1 0 <0 Sz
Negative 1 0 1 0 0 <0 -V
Negative 0 1 1 0 0 <0 —2Ve

7.4. Energy Balancing during STATCOM Mode of Operation

Capacitor energy balance in an MMC is essential to ensure proper operation of the
converter and applies to both leg and arm. Voltage/energy balancing of the SM capacitors
can be achieved either through non-energy- or energy-based methods. The non-energy-
based algorithms are usually simpler to implement and do not require any modifications
during DC faults in the MMC.

In the case of the UFBSM/HBSM-based bipolar MMC [94], the outer control loop
was modified to facilitate converter energy control. The d-axis current reference was not
obtained from the active power in the outer loop during STATCOM operation. Rather, a PI
controller was utilized to generate the d-axis current reference such that the average capaci-
tor voltage of the HBSMs was maintained near their nominal ratings. This enabled control
over the total energy flowing into the MMC during the STATCOM mode of operation. The
conventional sorting algorithm was used to keep the capacitor voltages balanced within
the arms.

In [17], an energy-based voltage balancing method was proposed whereby arm and leg
energy in the MMC can be controlled by the injection of circulating currents. Expressions
for the sum and difference of power flowing into the arms of an MMC are given by
(8) and (9), respectively,

Px,sum = Py + le = VDCixz — Uxly — 20xzlxz, (8)

Px,diff = Pyy — Py; = 0.5Vpciy — 20xix; — Uxzix )

The first term on the right-hand side of (8) can be controlled by injection of a DC
component in the circulating current (iy;), allowing leg energy balancing to be carried out
during normal MMC operation [17,92,98]. Meanwhile, the second term on the right-hand
side of (9) can be utilized for arm energy balancing by the injection of a fundamental
frequency component in the circulating current. However, in the event of a DC fault, Vpc is
synthesized as zero to clear the fault and operate the MMC in STATCOM mode. Therefore,
the Vpciy; term in (8) becomes zero and leg energy control is no longer possible. In [93], a
common-mode voltage (CMV) injection in the FBSM-MMC was proposed to carry out leg
energy balancing during DC faults in the MMC. The CMV (vs;) is defined as the potential
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difference that exists between the neutral points of the AC and DC sides. Expressions for
the CMV and the AC side current are,

Usn = Ve sin(wt + a), (10)
ip = I sin(wt+0), (11)
i, =I5 sin (wt 40— ;n), (12)
. . 2
ic = I5 sin (wt + o0+ 371) (13)
The power generated in the MMC legs due to the injected common-mode voltage is
given by,
P* = 0.5V, Iscos(0 — a), (14)
5 2
Py =0.5VcIscos (0 — & — 571), (15)
s 2
P-=05V.I;cos| o —a+ 571 . (16)
The three-phase powers are converted to the dg frame components and the reference
for the CMV is obtained as,
pZ* 4 'PZ*
vl =Red —4 1 L (17)
0.5 (igs + jigs)

where P** and qu* represent the reference values of the leg powers in the dg frame, while
igs and igs are the AC side d- and g-axis current components, respectively. By controlling the
phase and amplitude of the CMYV, it would then be possible to vary the power flowing into
the legs of the MMC and continue to carry out leg energy balancing during the STATCOM
operation mode.

When the CDSM-MMC is working in STATCOM mode during a DC side fault [96],
the arms of the CDSM-MMC are conducting and being blocked alternately. Thus, the
equivalent circuit of the DC faulted CDSM-MMC during STATCOM mode is different
from when it is operating under normal conditions. The circulating current injection
method for energy balancing is no longer feasible since no circulating current exists within
the same phase due to the alternate conduction of the CDSM arms. Although the CMV
injection method from [92] can be employed for leg energy balancing, a simpler strategy
was presented in [96] where dq transformation is not required. As the RMS value of the
capacitor voltages in an arm is indicative of the arm’s energy level, in this strategy, the sum
and difference of the arm power expressions for the conducting lower and upper arms, in
terms of the RMS voltages of the SM capacitors, were split into two parts to denote powers
flowing from the DC and AC sides into the conducting arms. The expression for the power
flowing from the DC side into the conducting arms includes the CMV term. An increase
in CMYV leads to a decrease in the power flow in the conducting upper arm(s) and an
increase in the power flow in the conducting lower arm(s), respectively. Consequently, the
difference in the energy levels between the conducting upper and lower arms will decrease.
Similarly, a decrease in the CMV leads to an increase in the power flow in the conducting
upper arm(s) and a decrease in the power flow in the conducting lower arm(s), respectively.
The reference value of the CMYV is obtained from a PI controller based on the difference
in RMS voltages of the SM capacitors in conducting upper and lower arms. Therefore,
the CMV reference can be adjusted based on the RMS voltage of SM capacitors, and no
circulating current injection is necessary for arm energy balancing. In addition, the outer
controllers are adjusted to control the total converter energy in the same way as in [94].
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Authors in [99,100] proposed an energy balancing approach based on either AC or DC
power. The variation of energy in the SMs is dependent on the instantaneous AC power and
the power exchanged with the DC bus. Based on the energy balance equation, a controller
can be designed using the AC power or the DC power in the outer loop. The references
generated by the outer loop are the AC grid currents and the circulating currents. When
the outer controller is based on AC power, it is not possible to implement three separate
loops for the grid currents. Therefore, only the control of total MMC energy is possible as
opposed to individual arm/leg energy balancing. In [101], this idea was expanded and
implemented to achieve energy balancing during a DC fault. During normal operation,
energy balancing was performed using DC power. After the occurrence of a DC fault, the
energy balancing was shifted to AC power mode since the loss of the DC voltage made DC
power-based control impossible. However, in the AC power-based control, leg/arm energy
balancing is not feasible since any circulating current injection intended for balancing may
not add up to zero and flow into the DC fault. Therefore, the authors suggest the use of
coupling matrices to ensure that the AC components of circulating currents sum to zero
and do not flow through the DC fault. This method has the added advantage of achieving
low transient overvoltage in the arms during the fault in addition to DC fault clearance
and reactive power injection into the AC grid.

To summarize, the CMV injection method for leg energy balancing can be applied to
any SM configuration with continuous conduction of both arms in a phase. The capacitor
energy-based method, which was originally developed for the CDSM-STATCOM, can also
be utilized for arm energy balancing during the STATCOM mode of operation of MMCs
with other types of unipolar SMs. The AC power-based energy balancing method is more
complex but can be used if better transient response/stability is desired.

8. Conclusions

In this paper, a variety of noteworthy SM and hybrid MMC configurations with DC
fault blocking capability were reviewed and compared from different viewpoints, including
the number of switches in the conduction path, fault blocking symmetry, voltage stress per
device, device count, number of voltage sensors, overmodulation, soft switching, voltage
balancing capability, and control complexity. Based on the comparisons made, several
configurations, such as asymmetrical full-bridge submodule and mixed submodule, were
identified, which hold an advantage in terms of lower conduction losses or total semicon-
ductor device count, while SM configurations such as semi full-bridge submodule and
switched capacitor were associated with better performance in terms of voltage balancing
capability and control simplicity. When overmodulation is a requirement, mixed and
asymmetrical full-bridge submodules are suitable choices. Meanwhile, the semi full-bridge
submodule was identified as the proper candidate when a lower number of voltage sensors
along with reduced control complexity is desired. Among hybrid topologies, the alternate
arm converter was found to be the most efficient with a low device count, while the hy-
brid converter with cascaded DC side cells was recognized as a suitable configuration for
short-distance HVDC transmission.

The STATCOM operation mode of the full-bridge MMC, alternative arm converter,
hybrid MMCs, as well as MMCs based on unipolar SMs, such as clamped-double and
unipolar full-bridge submodule, were discussed and compared in this paper. This shows
that the adjustment of the arm voltage reference enables bipolar SMs to work as wave-
shaping circuits, allowing the provision of reactive power support to the AC grid during a
DC fault. Furthermore, MMCs with unipolar SMs can also work as STATCOMs during DC
faults, if alternate switching states that enable bipolar operation exist for a certain direction
of SM current. However, due to the alternate arm conduction during STATCOM mode,
such unipolar SMs have half the reactive power capability of the bipolar SMs.

This paper also provides a review of different methods used to provide arm and leg
energy balancing in MMCs when they are operated as STATCOMSs during DC faults. One
of the most notable methods is common-mode voltage injection, which can be applied to
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any SM configuration provided there is continuous conduction of both arms in a phase.
The capacitor energy-based method for arm energy balancing during STATCOM operation
of the clamped-double submodule can be applied to other unipolar SMs as well.
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