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Abstract—Modular multilevel converters (MMCs) enjoy the
benefits of modularity and scalability. In particular, MMCs with
symmetrical half-bridge submodules enable bipolar operation yet
with a simple structure and low conduction losses. However, bulky
dc capacitors in MMC submodules act as one major obstacle
that retards the further improvement of system size, weight, and
cost performance. Additionally, tight regulation and balance of dc
capacitor voltages necessitate expensive voltage sensors paired with
dedicated voltage controllers. This article proposes an effective
hardware-based strategy that achieves MMC capacitance reduc-
tion through parallelization of symmetrical half-bridge submod-
ules. On top of capacitance saving, the proposed strategy balances
capacitor voltages in a sensorless fashion, which translates into
the removal of voltage sensors and great simplification of control
efforts. In addition, the proposed strategy allows fault-tolerant
operation of MMCs. Finally, simulation and experimental results
validate the effectiveness of the proposed strategy in capacitance
reduction and capacitor voltage balancing of MMCs as static
compensators.

Index Terms—Capacitance saving, fault operation, modular
multilevel converter (MMC), static compensator (STATCOM),
submodule parallelization, voltage balance.

1. INTRODUCTION

ULTILEVEL converters find widespread applications in
high-voltage dc/ac transmissions [1], medium-voltage
motor drive [2], renewable generation [3], grid-scale energy
storage systems [4], power quality enhancement equipment [5],
medical applications [6], and electric vehicles [7]. As compared
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Fig. 1. Schematic diagrams of MMC submodules. (a) H-bridge and asymmet-
rical half-bridge. (b) Symmetrical half-bridge.

to two-level counterparts, multilevel converters benefit from the
use of low-voltage semiconductors for high-voltage treatments,
high power quality, small passive filters, low electromagnetic
interference noise, and high redundancy. Among multilevel con-
verters, cascaded-bridge, diode-clamped, and flying capacitor
converters are proven options [8]—[10]. In particular, cascaded-
bridge converters stand out among the three mostly because
of their simplicity (i.e., without additional diodes or balancing
capacitors), modularity, and scalability [2]. One can readily
derive modular multilevel converters (MMCs) when replacing
the active switches of standard two-level converters by cascaded-
bridge converters [11]. As such, MMCs inherit all the advantages
from cascaded-bridge converters. The past decade witnessed
a huge progress in the commercialization and development of
MMC:s [12].

Despite indisputable advantages, MMCs are criticized for
their complexity in terms of both circuit hardware and con-
trol software due to the large quantities of active switches
and passive components involved. Since MMCs, particularly in
high-voltage applications, consist of numerous submodules, the
simplification of submodules or proper use of redundancy will
greatly reduce system complexity and failure rate [13], [44].
Fig. 1(a) shows the schematics of two commonly used MMC
submodules—H-bridge and asymmetrical half-bridge submod-
ules. In comparison, asymmetrical half-bridge submodules out-
weigh H-bridge submodules in terms of simplicity, which further
translates into lower cost and conduction losses as well as
smaller system size and weight, whereas the opposite is true
in respect of module functionality. Specifically, H-bridge sub-
modules allow bipolar outputs, while asymmetrical half-bridge
submodules can only output either a positive or zero voltage,
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thereby excluded from certain applications, such as cascaded-
bridge converters and four-quadrant MMCs [14]. Other emerg-
ing submodules, such as multilevel submodules (exemplified by
flying capacitor and neutral-point-clamped submodules [13]),
clamp-double [15], double-zero [12], mixed half-bridge and
H-bridge [13], and double H-bridge submodules [16], improve
system performances in several aspects, e.g., voltage levels,
short-circuit protection, and parallel connectivity. However, they
suffer from increased complexity.

As a promising alternative, the symmetrical half-bridge sub-
module depicted in Fig. 1(b) possesses the merits of both
simplicity and bipolar outputs [17]. With the upper switch ON
and lower switch OFF, the symmetrical half-bridge submod-
ule yields a positive upper capacitor voltage. Alternatively, a
negative voltage contributed by the lower capacitor will be
expected. Similar to asymmetrical half-bridge submodules, each
symmetrical half-bridge submodule uses only one switch at a
time to conduct load/grid currents, thus reducing conduction
losses compared to H-bridge submodules, as detailed in [17].
Symmetrical half-bridge modules themselves as converters are
used in active rectifiers [18], active power filters [19], power
decoupling circuits [20], unified power quality conditioners [21],
and linear compressors [22]. By series connection, symmetrical
half-bridge submodules can form cascaded-bridge converters or
MMCs.

As for MMCs with symmetrical half-bridge submodules, also
applicable to other MMCs, module capacitors are bulky and
expensive components that play a dominant role on system size,
weight, and cost. In this sense, there is a strong motivation for
MMC capacitance reduction. From the implementation point
of view, capacitance reduction can be achieved through either
software- or hardware-based strategies.

As a software-based example, modulation signals are inten-
tionally distorted with calculated harmonics to reduce capac-
itor voltage ripples, thereby saving capacitances of H-bridge
submodules [23]. However, complicated calculation inevitably
increases computation efforts, and its effectiveness depends
greatly on system operating conditions and accuracy of sensors
and sampling circuits. Additionally, MMCs with symmetrical
half-bridge submodules suffer from another problem—the im-
balance of upper and lower capacitor voltages [ 17]. This problem
occurs in the case of capacitance mismatches, voltage sensor off-
sets, and/or improper modulation [21]. As aresult, the imbalance
problem further challenges those software-based capacitance
reduction approaches. Another problem related to MMCs with
symmetrical half-bridge submodules is that submodules cannot
be bypassed under fault conditions.

As hardware-based solutions, additional buffer circuits are
proven to be effective in submodule capacitance reduction
[24]—[32]. For selection of energy buffers, typical options are
the inductor with one-pair of switches [24], [25], the conven-
tional buck converter [26], [27], the buck converter formed by
split dc submodule capacitors [28], [29], and the inverter acting
as a dynamic voltage restorer [30], [31]. In combination with
additional hardware, dedicated controllers further complicate
the operation of submodules and MMCs with buffer circuits [32].
In addition, isolated transformers, together with rectifiers, enable
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Fig. 2. Schematic of MMC arms with symmetrical half-bridge submodules.

the removal of submodule voltage regulators and capacitance
reduction [33]. However, isolated transformers are often bulky
and expensive with complicated structures.

This article proposes a novel hardware-based strategy that
achieves significant MMC capacitance saving through paral-
lelization of symmetrical half-bridge submodules. In parallel
to capacitance reduction, the proposed strategy balances dc
voltages among upper and lower capacitors as well as individual
submodules with only one voltage controller and the associated
voltage sensors. Moreover, the proposed strategy allows fault-
tolerant operation of MMCs via bypassing submodules. The rest
of this article is organized as follows. Section II presents the
fundamental operating principles of MMCs with symmetrical
half-bridge submodules. On top of that, we introduce the control
architecture in static compensator (STATCOM) applications.
Section III begins with the introduction of the proposed strat-
egy through submodule parallelization, which is followed by
a simple and effective control scheme that achieves submodule
voltage balancing. Moreover, we include fault tolerant operation
of MMC:s. Section IV focuses on the analysis of capacitance
reduction through the proposed strategy. Once again, we carry
out the analysis in STATCOM applications. Section V provides
simulation and experimental results for verification purposes.
Finally, Section VI concludes this article.

II. FUNDAMENTAL OPERATING PRINCIPLES OF MMCs WITH
SYMMETRICAL HALF-BRIDGE SUBMODULES

This section introduces fundamental operating principles of
MMCs with symmetrical half-bridge submodules. It begins
with the system schematic diagram. Subsequently, we show the
relevant control architecture.

A. System Schematic Diagram

Fig. 2 illustrates the schematic diagram of cascaded-bridge
converters or MMC arms based on symmetrical half-bridge
submodules, where vgc iy and vaeqq (¢ € {1,2,...,n}) represent
the voltages of upper and lower dc capacitors, respectively.
Correspondingly, v,.; stands for the output voltage of each
submodule. n denominates the number of submodules. Although
submodules may output dc voltages, their output voltages are
denoted with the subscript ac for clarity. The total output voltage
amounts to Ve, 1.€., VUac = Vacl + Vac2 + ** * + Vacn, While iy
designates the grid/load current. In each submodule, the upper
switch and lower one (including both active switches and diodes)
operate complimentarily. With the upper switch ON and lower
switch OFF, the symmetrical half-bridge submodule yields a
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positive voltage vq.;y, otherwise a negative output —v4c;q given
by the lower capacitor is expected.

By adjusting the time durations of the two operating modes
in every switching period, the submodule controls its output
voltage v,.;, mathematically described by

1
T
where Ty stands for the switching period, and d;(r) € (0, 1)
denotes the duty ratio of each submodule. Normally, we regulate
all the dc capacitor voltages to be identical, namely, vqc;y =
Vdeid = Vdci- However, we may also control capacitor voltages
with different values so as to generate more voltage levels [33].
Assuming that the upper and lower capacitor voltages are equal
to vq4es» (1) reduces to

Vaci (t) = [de (t) - 1] Udci(t) 2)

from which it is clear that a d; less than 0.5 indicates a negative
output voltage, as vq.; should always be positive.

Vaci(t) = 7 {di (1) Tsvacin(t) — [1 — di()] Tsvacia(t)} (1)

B. Control Architecture

The control architecture of MMCs depends greatly on applica-
tions. In this article, we apply MMCs to STATCOMs or reactive
power compensation applications. Conventionally, switched ca-
pacitor banks are used for reactive power compensation in bulk
power systems [34]. Despite their simplicity, they are very inflex-
ible (only providing capacitive power at several discrete power
levels) and may introduce extra resonances when interacting
with existing inductive components. In contrast, power elec-
tronic equipment (e.g., STATCOMs) allows flexible and smooth
reactive power compensation with the possibility of delivering
other grid-supportive services (say inertia) [35]. MMCs are one
of the most ideal enabling technologies for STATCOMs [2], [3],
[51, [23], [36].

Overall, the control of MMCs is briefly classified into
two categories—high-frequency pulsewidth modulated (PWM)
control and fundamental-frequency scheduler-based control
[37]—[39]. Since the STATCOM application requires high
power quality, PWM control is employed here. Fig. 3 illustrates
the control architecture of MMCs with symmetrical half-bridge
submodules operating as STATCOMs, where the input reference
signals vqc_ref and iy ,of target at dc capacitor voltages and
reactive current, respectively. The grid voltage vgyiq is sensed,
which goes through a phase-locked loop, yielding the phase
angle information sinf and cosf. Moreover, Gpi(s), Gpr(s), and
Gril_2(s) stand for the complex frequency domain transfer func-
tions of proportional-integral controllers, proportional-resonant
controllers, and notch filters tuned at second harmonic, respec-
tively, expressed as

K;
Gpi(s) = Kp + . 3)
2K, w;s
Grr(s) = K, + -8 4
PR(S) p 52 4 2w;s + wy? @)
2 + 2 o 2
Cpi a(s) = —— T (2wo) 5)

$2 4 2w;s 4 (2w,)?
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Fig.3. Control architecture of MMCs with symmetrical half-bridge submod-
ules operating as STATCOMs.

1/n ——

where K, Kj, and K, represent the proportional, integral, and
resonant gains, respectively. w, = 27f, denotes the fundamental
angular frequency, while w; determines the width of rejected
bands of notch filters. In Fig. 3, the modulation signals m; serve
as the outputs that feed PWM drivers. During normal operation,
m;€ (—1, +1). Considering the duty ratio in (1), we have d,(¢)
=0.5m;(t) + 0.5.

As shown in Fig. 3, the control architecture comprises n
voltage controllers (including one average dc voltage controller
and n — 1 submodule dc voltage controllers) as well as one ac
current controller, which is implemented by the submodule n
current control. Notably, the dc voltage controllers can regulate
the voltage sums of upper and lower dc capacitors of individual
submodules. However, they fail to clear the voltage difference
between upper and lower capacitors in each submodule, as will
be demonstrated in the following sections.

III. PROPOSED SUBMODULE PARALLELIZATION STRATEGY

This section introduces the proposed hardware-based strategy
via parallelization of symmetrical half-bridge submodules in
MMCs. Through a simple control approach, we can balance the
voltages of all dc capacitors in a sensorless fashion. Moreover,
we introduce fault tolerant operation of MMCs.

A. Description of the Proposed Strategy

Recapping Fig. 2, we notice that a special problem re-
lated to MMCs with symmetrical half-bridge submodules lies
in the mismatch of upper and lower capacitor voltages, i.e.,
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Fig. 4. Schematic of the proposed strategy through parallelization of half-

bridge MMC submodules.

Vdciu F Vdcid- This problem is caused by capacitance mis-
matches, voltage sensor offsets, and/or improper modulation
[21]. Negative results of the problem include over-modulation,
current distortion, and/or even malfunction of MMC systems.

By injection of a dc component into the ac grid-injected
current through control software, half-bridge-based power con-
verters achieve capacitor voltage balancing in a straightforward
manner [19], [21], [22]. This solution will increase the dc output
current as long as the upper capacitor voltage exceeds the lower
one. Consequently, the upper capacitor charges the lower capac-
itor, leading to the balance of capacitor voltages. Unfortunately,
a direct transplant of this solution from half-bridge converters
to MMCs with symmetrical half-bridge submodules fails due
to submodule control conflicts. To be more specific, the dc
component of the grid current gives only one degree of extra
control freedom, which is insufficient to balance all upper and
lower capacitor voltages [17].

In contrast, hardware-based strategies can enable capacitor
voltage balancing through parallelization of submodules. For
example, MMCs with paralleled double H-bridge and double
asymmetrical half-bridge submodules have been investigated
in [7], [16], [40], [41]. Further, we propose the parallelization
strategy of MMCs (or cascaded-bridge converters) with identical
symmetrical half-bridge submodules, as shown in Fig. 4, where
Toin" and Tg;q" (i € {1,2,...,n}) are newly added switches,
which allow parallel connection of submodule capacitors. No-
tably, we may remove Ty,,," and Ty, q" for simplification.

Fig. 5 demonstrates the proposed modulation and control
scheme for MMC submodules, where the modulation signals
m; come from the voltage and current controllers in Fig. 3.
After modulated, the gate signal grg; (i.e., grssu) drives the
corresponding upper switch Ts;y,, while its complimentary sig-
nal gs;q drives the lower switch Tg;q.

Special attention should be paid to the gate signals gg;,*
and g7s,q”, which control the additional switches (with asterisk
notations) of each submodule in Fig. 4. Noticeably, the pro-
posed control or modulation scheme derives gs;,* and grgiq*
directly from the gate signal gTg(;41) of an adjacent submodule,
indicating that no extra controller is required for the additional
circuits or switches, which in turn greatly saves control efforts.
Although not shown in Fig. 5, dead zones are inserted between
upper and lower switch pairs in practice.

B. Voltage Balancing Analysis

We proceed to analyze the mechanism of voltage balancing
through the proposed parallelization strategy. Returning back to
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lelization of half-bridge MMC submodules. (a) Mode I. (b) Mode II.

Figs. 4 and 5, we know that Ts;,* and Ts(;41)q switch ON and
OFF simultaneously, as complimentary to Ts;q" and T(i41)u-
Fig. 6 details the operation of these switches, where two adja-
cent submodules are incorporated. For simplification of analysis,
let us first ignore the ON-state voltage drops of semiconductor
switches and equivalent series resistors (ESRs) of capacitors.
As shown in Fig. 6(a), when T5(;11)y and Ts;q" turn ON (with
Tsi,* and Tg(i41)a OFF), the upper capacitor of submodule
(i + 1) and the lower capacitor of submodule (i) connect in
parallel. This parallel connection clears the voltage difference
between vac(i+1)u and vqeid, thereby making vaciq = vae(it1)u-
Alternatively, vaciu = Vde(i+1)a satisfies when Tg(;41)q and
Ts;," turn ON (with Ts;q" and Ts(; 1)y OFF), as illustrated in
Fig. 6(b). It should be commented that the sudden parallelization
of two voltage sources (like capacitors) with different voltages is
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Fig.7. Simplified control architecture of MMCs with symmetrical half-bridge
submodules and the proposed strategy.

not allowed according to the circuit theory. However, capacitor
ESRs, line inductances, and forward voltage drops of switches
attenuate current spikes in practice. Detailed feasibility analysis
of module parallelization can be found in [7], [16], [40], [41].

In every switching period, Ts;, and Tg;q switch ON and OFF
once. By mathematical induction, we can derive the following
equations without considering switching ripples:

Vdclu = VUdc2d = Udc3u = " °
Vdcld = VUdc2u — Ude3d = " *°

= Vdc(2k+1)u = Vde(2k+2)d
= Vdc(2k+1)d = Vdc(2k+2)u

where 2k + 2 < n(kis anatural number). Equation (6) indicates
that diagonal dc capacitor voltages are equalized through the
proposed submodule parallelization strategy.

To completely equalize all capacitor voltages, we can follow
the dc current injection method detailed in [19], [21], [22]. In
addition, we still need one voltage controller that regulates all
the dc capacitor voltages to their reference values, namely

n}). (7

With the proposed strategy, the control architecture of MMC's
is greatly simplified. Most of the voltage controllers in Fig. 3
is removed, except for one voltage controller that ensures dc
voltage tracking. Fig. 7 demonstrates the simplified control
architecture of MMCs with symmetrical half-bridge submodules
and the proposed parallelization strategy, where the dc current
injection part is highlighted. Gry_1(s) models a notch filter tuned
at the fundamental frequency, i.e.,

Vdciu = Udcid = Udc_ref (Z S {]-a 2a ey

52 4+ wy?
52 4 2wi8 + wy?
which aims to get rid of dominant ripples in (Vgciu — Vdeid)-
The simplified control architecture in Fig. 7 is almost identical
to that of symmetrical half-bridge converters [19], [21], [22].

Gri1(s) = ®)

C. Fault Tolerant Operation

Referring to Fig. 2, we observe that symmetrical half-bridge
submodules in conventional MMCs cannot be bypassed in case
of submodule faults, e.g., open-circuit faults. Fortunately, the
proposed strategy allows fault tolerant operation of MMCs with
symmetrical half-bridge submodules.
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Fig. 8.  Fault tolerant operation of MMCs with symmetrical half-bridge sub-

modules and the proposed strategy. (a) Fault mode I. (b) Fault mode II.

Fig. 8 presents the proposed bypass strategy of symmetrical
half-bridge submodules, where adjacent submodules work to-
gether for bypass purposes. In the case of Ty, fault, we keep
Tsiq and Ty ;4™ turned ON, as depicted in Fig. 8(a). In this way, it
is evident that the submodule (i) is bypassed. However, note that
the submodule (i + 1) cannot turn ON its switches T(;4 1), and
Ts(i+1)a freely, and hence also bypassed equivalently. Similarly,
under the fault condition of 7,4, we maintain the switches T,
and Ty, " ON, leading again to the bypass of the submodules (i)
and (i + 1). It is worth mentioning that MMCs can still operate
normally without the parallel connectivity of faulty submodules
when only additional switches (e.g., Ts;,*) collapse.

In summary, the proposed submodule parallelization strategy
greatly simplifies MMC control into symmetrical half-bridge
converter control. It addresses the voltage balance problem in
a sensorless fashion with the removal of almost all dc voltage
sensors and voltage controllers. Moreover, the proposed strategy
allows fault tolerant operation of MMC:s.

IV. ANALYSIS OF CAPACITANCE REDUCTION THROUGH
THE PROPOSED STRATEGY

This section focuses on the analysis of dc capacitor voltage
ripples, which further determines the design of dc capacitances.
First, we analyze the capacitance requirement of conventional
MMCs with symmetrical half-bridge submodules. Next, we
compare the result with that of the proposed parallelization
strategy, indicating the effectiveness of capacitance saving.

A. Capacitance Requirement of Conventional MMCs

In MMC:s, dc capacitors are bulky and expensive components
that play a decisive role on system size, weight, and cost [17].
As such, the reduction of dc capacitances will greatly benefit
MMC systems. In this subsection, we intend to analyze the ca-
pacitance requirement of MMCs shown in Fig. 2, i.e., those with
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symmetrical half-bridge submodules yet without the proposed
submodule parallelization scheme, in STATCOM applications.
Generally, STATCOMSs inject inductive (absorb capacitive)
reactive power into (from) power grids. Under this condition,
the ac voltage and grid-injected current can be represented by

Vac(t) = V2V, sin(wpt),
fac(t) = V21, cos(wot) 9)

where V,. and I, refer to the root-mean-square values of v,
and i,., respectively. Note that V. can be derived from vg,iq by
subtraction of the voltage drop across the output filter.

Recapping Fig. 2, we imply that the upper capacitor Cyqciy
will be charged during the period that 7,. is negative. Besides,
the charge happens when the upper switch 7, turns ON. Taking
these two points into consideration, we can derive the peak to
peak value of capacitor voltage ripples as

1 [025/f
- / di(t)iac(t)dt
Cac J-0.25/5,

where Cqy. refers to the capacitance of all dc capacitors. Next,
using the symmetrical feature of ac output voltages, we obtain

AUdci?wo = ( 1 O)

0 0.25/ fo
[ diea= [ 1= d@)iod. an
~0.25/f, 0

Substitution of (11) into (10), the latter reduces to

1 w/2 \/i[
Avdei wo = 21, cos(wot)d(wot) = .
Vdci_wo N A \[ ccCOb(WO ) (wo ) woCle
(12)

Clearly, the resultant capacitor voltage ripple depends on the
grid current /,, dc capacitance Cq., and fundamental angular
frequency wy. However, it has no relationship with the number
of submodules, indicating the independence of each submodule
capacitor. Given a system operating condition (including 7, and
wo among others), the dc capacitance should be designed to limit
capacitor voltage ripples, that is,

\/518‘0

Cdc > C’dQWO = A .
WoAVdci_wo

(13)
Considering that the rated value of all capacitor voltages
equals Ve ref, we derive the minimum total stored energy as
2n

2
2 \/Elacvdcfref n
Ewo - 7Cdcfwovdcfref -

14
2 wo A’Udci_wo ( )

which also reflects the total cost of all dc capacitors [42].

B. Capacitance Requirement of MMCs With the Proposed
Submodule Parallelization Strategy

In this subsection, we will derive the expressions of submod-
ule voltage ripples as well as capacitance and energy storage
requirements with the proposed submodule parallelization strat-
egy. Due to parallel connectivity, symmetrical half-bridge sub-
modules equalize diagonal capacitor voltages in each switching
period, i.e., Vdciu = Vde(i+1)d and Vacid = Vde(i+1)u (i =1,2,n
— 1). Accordingly, we divide all submodule capacitors into two
groups for simplification of analysis. Specifically, with an even
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Fig. 9. Charging and discharging conditions of all dc capacitors in MMCs
with the proposed strategy. (a) Charging. (b) Discharging.

number of submodules (i.e., n = 2k + 2), the two groups are
Cdclu, Cchd, Cdc3u’ RET) Cdc('nfl)Uv Cdcnd and Cdclds Cdc2m
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Referring to the control architecture in Fig. 7, we observe
that all the modulation signals m, (or d;) are identical. This fact,
together with Fig. 6, leads to the charging and discharging condi-
tions in Fig. 9. Notably, the parity of the number of submodules
n greatly affects capacitor ripples.

In the case of an even n (i.e., n = 2k 4+ 2), we charge the
first group capacitors Cqciu, Cac2d> Cacsus --- Cdc(n—2)a, and
Cdc(n-1)u according to Fig. 9(a). Alternatively, Cqc1u, Cdcad,
... Cde(n-1)u> and Cycpq are discharged in Fig. 9(b), leading to
the average charge of each capacitor in the first group as

n n

dQeven(t) = %C(t) {gdz(t) D)

where the negative sign is caused by the definition of the direc-
tion of i,.(#) (see Fig. 4). Note that the average charge remains
unchanged as for the other group of capacitors.

The average capacitor voltage ripple is further derived by in-
tegration of the average charge in (15) during a half fundamental
period and divided by the capacitance Cq. as

1-d]}ar (15)

-1 0.25/fo
A'Udci_evenO = / Zac (t) [de (t) - 1] dt. (16)
2Cac J-0.25/5,
By use of (2), we rearrange (16) as
1 0.25/ fo v (t)
AUd i_even() — / 2 Tac(t)dE
e 2Cac J-0.25/1, Vaci(t) welt)
Vaci =Vac /M,Vdei RV, . -1 0.25/fo ac(t
aci =Vac/M,Vdci FVdc_ref / (% ( )iac(t)dt —0
2C’dcn -0.25/ fo Vdc_ref
(17)

where the assumption of small dc voltage ripples ensures vq.; ~
Vdec_ref- Due to the symmetry of v, and i, in (17), the resultant
voltage ripple equals zero in a half of the line cycle, i.e., during
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the negative period of i,.. Instead, the voltage ripple maximizes
in a quarter of the line cycle at

1 0.25/fo v (t)
Av ci_wi_even — / s iac t)dt
detwis 2Cqen Jo Vdci_ref ()
Vaclac
(18)

2woCyc Vdc_refT

To limit the voltage ripple, we derive the capacitance require-
ment as

Vac Iac

Cvdc 2 Cchfwifeven = 2 A .
WoUdc_ref AVUdci_evenTl

19)

To directly compare the degree of capacitance saving, we fix
the capacitor voltage ripples in (13) and (19), which give the
ratio of capacitances
V2Vae 1

= < = 20
4Udcfref n 4 (20)

CYd c_wi_even

C(dc7w0

where the voltage ripple is maintained and fixed. Notably, the
inequality in (20) must be satisfied according to nvqe ref > |[Vacl
so as to avoid over-modulation problems [43]. As a result, at
least four times capacitance saving can be expected with the
even number of paralleled submodules.

Next, we derive the minimum total stored energy based on
(19) as

2n 2 Vaclac Vdc_ref

Eyi_even = _Cdcfwifevenvdcfref = A — .
2 2WO Vdci_wi_even

21)
Similarly, we divide (19) by (14), yielding the ratio of stored
energies:
\/Evac 1

= < -. 22
4Udc_refn 4 @2)

Ewifeven o

Eyo

Once again, we expect at least four times reductions of the
stored energy and related capacitor cost [42].

Next, we analyze the case of an odd n (i.e., n = 2k + 1).
Under this condition, the average charge of diagonal capacitors
is derived from Fig. 9 as
—iac(t) { n+1

n 2 di(t) -

n—1

dQoaa(t) =

1-— dz(t)]} dt
(23)
By integration of dQ,q4(#) in a half fundamental line period,

the average capacitor voltage peak to peak ripple takes the form
of

AUdci?wifodd -

_ 0.25/fo
L i i) -

2Cacn J_o.25/,
+ tac(t) }dt.
With the help of (16) and (17), we simplify (24) as

(24)

1 /2
Avdci_wi odd = 5—~— / V21, cos(wot)d(wot)
—m/2

2woCycn

= ﬂ (25)
woCqcn
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Fig. 10. Capacitance reduction ratio Cqc_wi/Cdc_wo as functions of the num-

ber of submodules n and dc voltage reference vqc_rer With a constant ac voltage
220 Vrms.

Accordingly, the dc capacitance requirement becomes

\/51 ac

Cac 2 Cde_wiodd = — (26)
WoAVdci_wi_odd™
In comparison, the capacitance saving becomes
Cdc_wi 1
dc_wi_odd _ 2+ (27)

C'dcfwo n

which clearly indicates that the saving grows linearly with the
number of submodules. Also, we can obtain the minimum total
stored energy on the basis of (26) as

2n \/§Iacv c_ref 2
Euwiodd = = Cac_wi_oddVde_ret? =~ (28)
2 wWoAVdci_wi_odd
Similarly, the ratio of stored energies is calculated as
Ewioada 1
—_— =—. 29
o - (29)

Fig. 10 plots the capacitance saving ratio Cqc_wi/Cdc_wo (OF
the energy saving ratio Eyi/Ey,) as functions of the number of
submodules » and the dc voltage reference vqc_ro, Where the ac
voltage is fixed as V,. = 220 V. Depending on the parity of n, we
plot the curved surface according to (20) and (27), respectively.
Obviously, the capacitance or energy reduction is always greater
than three times. In favorable cases, more than 10-time saving
of capacitance and stored energy is possible. In comparison, an
odd n yields more pronounced saving than an even n with large
n and small v4¢_rer. TO sum up, the analysis in this section fully
discloses the benefits of the proposed strategy in capacitance
reduction or saving.

V. SIMULATION AND EXPERIMENTAL RESULTS

This section provides simulation and experimental results of
conventional MMCs with symmetrical half-bridge submodules
as well as MMCs with symmetrical half-bridge submodules and
the proposed submodule parallelization strategy for verification
purposes. Tables I and II summarize the relevant system and
control parameters, respectively.
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TABLE I
MMC SYSTEM PARAMETERS

Descriptions Symbols Values
Fundamental frequency fo 50 Hz
Grid voltage (rms) Verid ref 220 Vrms/110 Vrms
Filter inductance L. 10 mH
Nominal dc capacitance Cae 4.7 mF and 470 pF
Nominal dc voltage Vde ref 200 V/100 V
Submodule number n 3 and 4/2

TABLE II

MMC CONTROL PARAMETERS

Descriptions Symbols Values
Voltage control P gain Ky 0.5
Voltage control I gain K 5
Current control P gain Koy 10
Current control R gain K 300
Reactive current reference Iq ref 30 A/15 Arms
Filter damping factor ;i 1%w,
Switching/ sampling frequency fs 10 kHz
250 T T \vd 1 T T T T T T
iclu
VAVAVANAVAVAVAVAVAVE
200 3
S BVAVEAVIOVEVEVEVEVEVENV
: 150 | | \Vddd | | | | | |
gﬂ 250 T w ‘ViCZu \ T \ \ T \
S VAVAVAVAVAVAVAVAVAVE
S 200 | ]
5 BVAVAVI\VEVEVEVEVEVENV
E 150 I I Vde2d | I I I I I
S 250 T T T T T T T T T
§ VAV VNV VAV IV AN
Vdce3d
200 Vdc3u
N Va VaVa'7aVavaVaVavave
Time (20 ms/div)
Fig. 11. Simulation results of conventional MMCs with three symmetrical

half-bridge submodules.

A. Simulation Results

Fig. 11 illustrates the Matlab simulation results of conven-
tional MMCs with three symmetrical half-bridge submodules,
where the initial voltage of one submodule capacitor is inten-
tionally designed to be 50 V greater than the nominal dc voltage
Vde_ret = 200V, leading to the imbalance of upper and lower
capacitor voltages, as analyzed in Section III-A. In Fig. 11,
the voltage controllers regulate the sums of upper and lower
capacitor voltages in each submodule to their references, i.e.,
Vdciu + Vdeid = 2Vde_ref (2 = 1,2, 3). Additionally, the peak to
peak voltage ripple reaches 20.3 V, which agrees with (12).

Fig. 12 shows the simulation results of MMCs with three
symmetrical half-bridge submodules and the proposed strategy,
where the initial voltage of one submodule capacitor is 50 V

IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 36, NO. 8, AUGUST 2021

205 T T ‘lvd(:lu\vd(:ldlx T T T T

200
>
8 195 1 | 1 | 1 | | | |
2 205 ' ‘ Vdcou Vacad —y | ‘ ‘ ‘
'S 200
g
5] 195 I | I | I | I | |
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= 205 ' | ¥Vdsu Vdcddw | ‘ ‘ ‘
© 200

195 1 | 1 | 1 | 1 | 1

Time (20 ms/div)
(@)

fac (A)

0 ) A/\A/\/\A/\‘

—
2

= 0

;51:

200
1
Tlme 20 ms/dlv
(b)

Fig. 12. Simulation results of MMCs with three symmetrical half-bridge

submodules and the proposed submodule parallelization strategy. (a) Individual
capacitor voltages. (b) Grid current i and voltage vgriq.

greater again. Obviously, the proposed strategy clears voltage
differences and achieves voltage balancing in Fig. 12(a). More-
over, the strategy achieves a three-time reduction of voltage
ripples to 6.8 V, as (27) indicates. With balanced dc capacitor
voltages, MMCs work properly as STATCOMs for reactive
power compensation, as shown in Fig. 12(b).

Fig. 13 compares capacitor voltage ripples in the case of an
even number of submodules, i.e., four submodules. In this case,
the proposed strategy allows ripple reduction even with 10-time
smaller capacitances. According to (20), almost 15-times capac-
itance saving is expected. As shown in Fig. 13(b), the period of
voltage ripples becomes one half line period, which proves the
analysis in Section IV-B.

Fig. 14 provides the simulation results of MMC fault opera-
tion, where two submodules are bypassed according to Fig. 8.
This bypass activity poses no threat to the normal operation of
MMCs as STATCOMs [see Fig. 14(b)]. However, it is clear from
Fig. 14(a) that the voltage ripple increases due to fewer working
submodules.

B. Experimental Results

We conducted experiments for further validation purposes
based on the schematic shown in Fig. 4. The major experimental
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Fig. 13. Simulation results of MMCs with four symmetrical half-bridge

submodules. (a) Conventional MMCs with Cq. = 4.7 mE. (b) MMCs with
the proposed strategy and Cq. = 470 uF.
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Fig. 15.

Photo of the experimental prototype.
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20 Fig. 16.  Experimental results of conventional MMCs with three symmetrical
2\ half-bridge submodules.
- 0
—20 100 V), and reactive current reference (i.e., iq ref = 15 Arms),
| ‘ ' —>Fault operation as documented in Table II.
| ! I ! | | Fig. 16 shows the experimental waveforms of conventional
~ 200 | MMCs with three symmetrical half-bridge submodules, where
= 0 T 1 the first submodule has a 130 V initial voltage (which is 30 V
29500~ greater than the nominal dc voltage 100 V). For clarity, only
, ‘ the voltages of the first submodule are shown. Noticeably, the
Time (50 ms/div) voltage imbalance occurs with 14.4 V dc voltage ripples, as
predicted by (12).
® Fig. 17 illustrates the experimental results of MMCs with
Fig. 14.  Simulation results of MMCs’ fault tolerant operation. (a) Capacitor three symmetrical half-bridge submodules and the proposed

voltages. (b) Grid current i, and voltage vgriq.

equipment and devices include two oscilloscopes (Agilent DSO-
X 3024A: 200 MHz, four channels), a grid emulator (ITECH
IT7625: 4.5 kVA, 300 V), a digital controller (Plexim RT Box 1:
32 DACs + 32 ADCs), and three submodules with IGBTs (IN-
FINEON IHW50N65R5XKSAT1: 650 V, 80 A). For illustration,
Fig. 15 presents a photo of the experimental prototype. Due to
limited experimental conditions, we scaled down the grid voltage
(i.e., Vgrid_ref = 110 Vrms), nominal dc voltage (i.e., Vdc_ref =

strategy, where the initial voltages of all submodules remain
unchanged as in those of Fig. 16. As shown, the proposed
parallelization strategy addresses the voltage imbalance prob-
lem. Ideally, the voltage ripple should be reduced to 14.4/3 =
4.8 V according to (27). In practice, ON-state voltage drops as
well as switch and capacitor ESRs slightly increase the voltage
ripple. Nevertheless, the ripple reduction exceeds two times, thus
demonstrating the capacitance saving effect.

Further, Fig. 18 demonstrates the experimental results of
MMCs with two submodules, showing a case of an even number
of submodules. Here, the number of submodules is reduced from
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Fig. 17. Experimental results of MMCs with three symmetrical half-bridge
submodules and the proposed submodule parallelization strategy. (a) Capacitor

voltages. (b) Grid current and voltage.
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Fig. 19. Experimental results of MMCs’ fault tolerant operation. (a) Capacitor
voltages. (b) Grid voltage and current.

Vaeoud: [50 V / div] TABLE III
i _J_ \ 4 L COMPARISONS BETWEEN THE CONVENTIONAL AND PROPOSED MMCS WITH
e e e aie S e S e e St S SYMMETRICAL HALF-BRIDGE SUBMODULES
Vdclu.d- [50 \ le]
' Descriptions Conventional Proposed
Submodule count n n
Time: [20 ms / div] Capacitor count 2n 2n
1 ' ' Switch count 2n 4n
(a)
Voltage sensor count 2n 2
Voltage controller count n 1
Fault tolerant operation NA Yes
Submodule capacitance Cyc nis odd: = Cy/n
Vaeza: [50 \i / div] nis even: < Cy/4
T AT T T 0
Vdclu,d: [50 v/ le]
4 (in simulations) to 2 due to available submodules. In this case,
G
H . . the proposed strategy achieves around five-time capacitance
Time: [20 ms / div] P . p &y p
: - : reduction.
(b) Finally, Fig. 19 shows the fault-tolerant operation of MMC,

Fig. 18. Experimental results of MMCs with two symmetrical half-bridge
submodules. (a) Conventional MMCs with Cq. = 4.7 mFE. (b) MMCs with the

proposed strategy and Cq. = 940 uF.

where two abnormal submodules are bypassed again. Clearly,
MMCs with the proposed strategy exhibit satisfactory dynamics
during system faults.
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In summary, Table III compares the proposed MMC with
parallel connectivity (see Fig. 4) and the conventional MMC
with symmetrical half-bridge submodules (see Fig. 2). Through
comparison, it is easy to notice the benefits of the proposed
MMC, including the removal of almost all voltage sensors, great
simplification of control, fault tolerant operation, and significant
reduction of capacitances.

VI. CONCLUSION

This article proposes a hardware-based submodule voltage
balancing strategy for MMCs with symmetrical half-bridge
submodules. The proposed strategy allows significant saving and
reduction of dc capacitances, thereby allowing the reduction of
system size, volume, and cost. Moreover, the proposed strategy
balances dc capacitor voltages of individual submodules in a
simple and reliable way, leading to the removal of voltage sen-
sors and dedicated controllers. Control of the proposed circuits is
easy and straight forward, where the relevant driving signals are
readily available from existing ones. Additionally, the proposed
strategy allows fault tolerant operation of MMCs. Finally, sim-
ulation and experimental results validate the proposed strategy
applied to MMCs as STATCOMs.
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