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ABSTRACT Multilevel Voltage-Source Converters (VSC) based on modular structures are envisioned as a
prominent alternative for grid and industry applications. Foremost among these are the Cascaded H-Bridge
(CHB) and the Modular Multilevel Converter (MMC). In this context, depending on the application and
the power conversion structure, unbalanced operating conditions can be asked to the converter. Previous
investigations regarding the operation and the solutions for modular structures under unbalanced conditions
have already addressed this topic, but information is dispersed over a wide number of sources. This
paper identifies, classifies, and analyzes the intercluster active power balancing strategies for the adequate
operation of the most commonly used modular structures in some typical unbalanced operating scenarios:
the Static Synchronous Compensator (STATCOM) under unbalanced voltage and/or current conditions,
the unequal power generation in large-scale photovoltaic (PV) power plants, and the uneven power distri-
bution in a battery energy storage system (BESS). Each of the applications has been independently studied
so as to provide a comprehensive analysis of the alternative techniques found in the specialized literature,
clearly explaining their respective strengths and drawbacks. Several future challenges have been identified
during the study, which will involve greater research effort in this key research topic.

INDEX TERMS Battery energy storage system (BESS), cascaded H-bridge (CHB), modular multilevel
converter (MMC), photovoltaic (PV), static synchronous compensator (STATCOM), unbalanced operation,
multilevel voltage-source converter (VSC), zero-sequence injection.

I. INTRODUCTION
The dependency on fossil fuel-based conventional generation
or the poor energy quality supplied by an aged power grid,
among others, have led to an unsustainable energy system.
In the last decades, the rapid increment in the energy con-
sumption and the concern about climate change [1] have
motivated great research effort to discover alternative genera-
tion systems [2] and technology solutions for their integration
in the power system [3], [4].

In this framework, traditional power systems are evolving
due to the progressive integration of distributed renewable
energy-sources (RES), such as the solar photovoltaic (PV)
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and wind power plants (WPP). These non-conventional
sources have actively contributed to reduce greenhouse gas
emissions, increase the grid power capacity, prevent the
saturation of lines, reduce electricity prices, and improve
the overall efficiency [5]. However, the integration of RES
into the power grid implies certain challenges due to their
non-dispatchable nature compared to conventional genera-
tion systems [6]. Such systems often use power electronic
converters for grid-connection instead of synchronous gen-
erators, making power systems become converter-dominated
[3]–[6]. The development of self-commutated semiconductor
devices [7], accompanied with the emergence of multilevel
Voltage-Source Converter (VSC) topologies [8], allow power
converters to face demanding operating requirements that
massive RES integration imply [9].
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Besides common advantages of multilevel VSCs [8], those
based on modular structures are considered as one of the
most attractive topologies available for grid and industry
applications. They play a key role in the integration of RES
[10] or large power consuming industrial loads [11].

Power electronic converter-based power grid makes it
increasingly necessary to count on power equipment with
higher voltage and power rating [12]. In this context, since
their scalable attributes, multilevel VSCs based on modular
structures are nowadays the most promising alternatives com-
mercially available for that purpose. Furthermore, the use of
modular structures allows the transformerless connection to
the grid with improved power quality [13]. In the last decade
they have gained more and more attention both from the
research community and converter manufacturers [14], [15].

Modular structures are frequently used as Static
Synchronous Compensator (STATCOM) to facilitate the RES
integration into the power grid [5], by helping to meet the
requirements imposed by transmission and distribution sys-
tem operators. The STATCOMprovides fast dynamic reactive
power support and improves the supply quality [16]. It is
also used to compensate unbalanced loads in large industry
applications such as mining or metal processing [15]. When
the STATCOM was proposed, first thyristor-based [17], and
later VSC-based [18], it was defined as a converter connected
in parallel to the power grid which delivers or absorbs ac
reactive power [19]. Today, the technical literature calls
‘‘STATCOM’’ the power equipment that provides a wide
variety of functionalities [20]. The authors of this paper
consider the STATCOM as the regulating static device which
does not exchange net energy with the power grid.

Due to its modular configuration, modular structures are
also the most interesting solutions for large-scale PV inte-
gration [21]–[23]. Connecting them to different power cells,
modular structures allow to separate PV module strings, con-
trolling each one separately and maximizing the PV power
generation.

With a fairly similar philosophy, modular converters are
also very suitable for battery energy storage system (BESS)
applications [24], [25]. BESS are of vital importance in order
to handle with the stochastic attributes of RES and facilitate
their grid-integration [26]. Each battery unit is connected
independently to separate power cells, and depending on
the state-of-charge (SOC) of each one, an unequal active
power distribution is enabled, where some battery units can
be consuming and others delivering energy [27].

Among the challenging operating scenarios that a
converter-dominated power system implies, the unbalanced
operation should be highlighted; a new scenario that power
converters have not dealt with before. On the one hand,
dealing with the unbalanced generation of RES supposes a
challenge when delivering balanced currents into the power
grid [28]. On the other hand, requirements from grid codes
are changing and start to demand negative-sequence injection
capability from the converters connected to their power grid
[20], [29], [30]. The unbalanced operation is an issue that

the converter must face, either in transmission or in distri-
bution systems. Single-phase loads such as traction drives,
arc-furnaces or adjustable speed drives are one of the causes
of an unbalanced current scenario [15]. The voltage unbal-
ance may arise, for instance, from asymmetric grid faults [31]
or unbalanced loads. The unbalance may ask the converter to
give negative-sequence current and/or voltage to balance the
current and/or the voltage at the point of common coupling
(PCC).

Despite their advantages, multilevel VSCs based on modu-
lar structures present some drawbacks under unbalanced con-
ditions. In order to overcome these, different control solutions
have been proposed in the specialized literature. However,
the information around the operation and the solutions for
modular structures under unbalanced conditions is very dis-
perse, and has not been previously reviewed or classified.
Therefore, the aim of this paper is to perform a comprehensive
review of the problems that the unbalanced operation suppose
for multilevel VSCs based on modular structures, to classify
the proposed solutions, and to identify future challenges.

The unbalanced operation is a trending issue, and it will
have a large impact in the future electrical system. The classi-
fication and analysis of the most important modular converter
structures, as well as their operation under unbalanced con-
ditions will support researchers and developers to adopt the
most appropriate solution. This will contribute to achieving a
more robust future power grid.

The rest of this paper is organized as follows. Initially,
a brief overview of the multilevel VSCs based on modu-
lar structures is performed in Section II, stating their most
important features. Section III analyzes the problem of the
unbalanced operation. Section IV collects a wide literature
review where the adopted solutions for unbalanced operation
are identified, analyzed, and classified. Finally, in Section V
and Section VI the future challenges and main conclusions
raised during the study are summarized, respectively.

II. OVERVIEW OF MODULAR VSC STRUCTURES
In 1993, Robicon Corporation brought to the industry a MV
high-powermotor drivemultilevel inverter with a pulse-width
modulation (PWM) strategy [32]; the emergence of what
nowadays is known as ‘‘Cascaded H-Bridge (CHB) multi-
level converter’’ [14]. In order to deliver energy to all the
cascaded power cells, the presented ac-dc converter required
a multiwinding line-frequency transformer [33]. A decade
later, Marquardt and his group introduced a novel power
conversion structure called ‘‘Modular Multilevel Converter’’
(MMC) [34], which was based on the series-connection
of single-phase 2L VSC-based power cells (also known as
half-bridge cells). In this converter configuration, the phase
leg (called ‘‘phase cluster’’ in this paper) is separated into
two equal parts to be able to generate positive and nega-
tive voltage levels at the ac side. The MMC has received
increased attention since early 2000s, particularly for HVDC
systems [35]–[37].
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FIGURE 1. Classification of multilevel VSCs based on modular structures.

Since multilevel VSCs based on modular structures were
proposed in the literature, there has been confusion regarding
terminology within this family. Because both circuit configu-
rations stand out due to their ‘‘modular’’ and ‘‘multilevel’’
features, Akagi classified the CHB converter and its con-
nection configurations within the MMC family [15]. After
this publication, many authors have used this criterion to
distinguish and classify modular converter structures. Never-
theless, the authors of this paper understand the MMC as the
particular converter topology presented by Marquardt [34].
Hence, modular converter structures are grouped separately
in this review: on the one hand, the Cascaded H-Bridge
(CHB) multilevel converter; on the other hand, the Mod-
ular Multilevel Converter (MMC), either with half-bridge
or full-bridge power cells. In both converter groups, any
VSC-based power cell topology is considered. Fig. 1 shows
the simplified classification of the multilevel VSCs based on
modular structures discussed in this paper.

As the ac voltage is proportional to the number of
power cells, these structures are scalable, and direct power
grid-connection is often feasible without a bulky step-up
transformer [8], [14], [15]. Due to the multilevel waveform,
the power quality is improved compared to non-modular VSC
topologies [13].

A. CASCADED H-BRIDGE
The Cascaded H-Bridge (CHB) multilevel converter is
composed of multiple units of single-phase full-bridge
(or H-bridge) power cells, connected in cascade on their ac
side [8]. This topology requires isolated dc energy-sources
to feed each H-bridge (HB) [14]. This is not a drawback
when the energy-source is also modular, but may require a
multiwinding transformer with diode rectifier if it is not the
case.

In the case of unbalanced operation, the main disadvantage
of CHBs is the lack of a common three-phase dc-link, and
thereby the difficulty in exchanging energy among phase
clusters [38]. Consequently, countermeasures must be taken
in order to preserve the balancing of dc-link capacitors.
Different intercluster balancing methods have been proposed
in the specialized literature, depending on the circuit config-
uration and the application. Hence, these solutions will have
an impact on the overall rating of the converter, especially in
terms of voltage and current requirements.

FIGURE 2. Simplified circuit diagrams of multilevel VSCs based on
modular structures. (a) YCHB, (b) DCHB, and (c) MMC.

Fig. 2 (a) and (b) depict two circuit configurations belong-
ing to the CHB: the star-connected CHB converter (YCHB),
and the delta-connected CHB converter (DCHB). When
employing the YCHB, the converter phase cluster is rated at
the line-to-neutral voltage. Thus, when compared with the
DCHB, either the switching devices can be sized at lower
blocking voltage rating, or the number of the cascaded power
cells can be reduced to obtain the same ac voltage level.
Equivalent behavior can be found in terms of current for
the DCHB. Another feature to consider is that the DCHB
requires a solution (e.g., control loops or magnetic elements)
to minimize circulating current inside the delta [15].

B. MODULAR MULTILEVEL CONVERTER
The Modular Multilevel Converter (MMC) is composed of
two sets of star-connected converters in which the ac sides
of multiple cascaded power cells (regardless their topology)
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TABLE 1. Electrical characteristics of the multilevel VSCs based on
modular structures under study. All the values are normalized with
reference to the YCHB configuration.

are interconnected to constitute each phase cluster [39], [40].
It is also known as ‘‘double-star-configured MMC’’ [15].
Fig. 2 (c) shows the circuit configuration of the classical
MMC.

Unlike CHB configurations, the power cells constituting
each phase cluster of the MMC share a common three-phase
dc energy-source. If the same power cell voltage is used,
to achieve the same voltage rating in ac terminals, the MMC
needs twice as many power cells per phase cluster than
a CHB. However, the MMC can be built with half-bridge
power cells while the CHB needs full-bridge power cells [40].
In this manner, the number of switching devices is the same
for the three structures. Table 1 summarizes the main per
unit (p.u.) electrical characteristics of the converter structures
considered in this paper, which provides a general idea of the
number of power cells and/or the transformer conversion ratio
that need to be used for each structure.

The MMCmay also require a solution to control the circu-
lating current between the upper and lower arms of each phase
cluster [41]. In case of unbalanced operation, this current may
have an impact on the MMC current rating [42], assuming
that the converter has been dimensioned for balanced opera-
tion (where circulating currents of different harmonic orders
also exist).

Multilevel VSCs based on modular structures must face
any operating requirement and fulfill the standards imposed
by grid codes [9], [30], [43]; in which the unbalanced oper-
ation is a mandatory requirement. Section III discusses the
issue of working under unbalanced conditions in different
applications.

III. PROBLEM OF THE UNBALANCED OPERATION
Together with the increase in the installation of MV convert-
ers, unbalanced operation is an increasingly frequent require-
ment faced by power electronic converters. Depending on
the application scenario, the type of unbalance the modular
structure must deal with is different.

Generally speaking, the instantaneous active power [44] in
each phase cluster of the power converter (pa, pb, pc) contains
both an average (P̄a, P̄b, P̄c) and an oscillating (p̃a, p̃b, p̃c)
term (see Appendix A):

pph(t) = P̄ph + p̃ph(t) where ph = a,b,c. (1)

The oscillating term is generated due to the single-phase
nature of power converters. This term oscillates at twice the
power grid frequency (2ω) with a zero average value. Under
unbalanced conditions, the average active power (P̄ph) in each
phase cluster can be expressed as

P̄ph =
V+I+

2
cos

(
δ+v − θ

+

i

)
︸ ︷︷ ︸
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+
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2
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(
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−

i

)
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P̄−−ph

+
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(
δ+v − θ

−
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4π
3

)
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+
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2
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(
δ−v − θ

+

i − k
4π
3

)
︸ ︷︷ ︸

P̄−+ph

(2)

being k = 0,−1, 1 for ph = a,b,c, respectively. V+,
V−, δ+v and δ−v denote the converter phase positive- and
negative-sequence voltage phasor amplitudes and angles.
Likewise, I+, I−, θ+i and θ−i are the amplitudes and angles
of current phasors.

From (2) different expressions are distinguished. Terms
P̄++ph and P̄−−ph correspond to the positive- and negative-
sequence average active power expressions. These terms are
common in the three phases. Terms P̄+−ph and P̄−+ph repre-
sent the average active power due to the cross-interaction
of positive- and negative-sequence voltage and current
components.

A. STATCOM SCENARIO
The Static Synchronous Compensator (STATCOM) using
multilevel VSCs is finding increased utilization in transmis-
sion and distribution grids [45]–[48]. The typical applica-
tions of the STATCOM could be the improvement of the
power system stability, the power factor (cosφ) correction,
the regulation of line voltages, active power filtering (APF),
mitigation of voltage flicker, unbalanced load compensation
and low-voltage ride-though (LVRT) [16]. The main charac-
teristic of STATCOM applications is that there is no need
of any energy-source [19], since, neglecting losses, the net
active power transfer between the power converter and the
application is zero (P̄a + P̄b + P̄c = 0).

When there is no interaction between positive- (v+, i+) and
negative-sequence (v−, i−) components (i.e., only term P̄++ph
or P̄−−ph exists), the average active power which flows into
each phase cluster of the STATCOM is zero. In contrast, when
the STATCOMoperates under unbalanced voltage and/or cur-
rent conditions, terms P̄+−ph and/or P̄−+ph appear in (2), which
are also different in each phase cluster. These new terms
cancel out in the ac side, but may appear in the single-phase
dc side. Thus, each phase cluster might give or absorb active
power different from zero (P̄a 6= P̄b 6= P̄c 6= 0).

On the one hand, in the case of CHB configurations
(see Fig. 2 (a) and (b)), where each power cell of the converter
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FIGURE 3. Impact of an unbalance on the YCHB STATCOM. (a) Unbalance,
(b) phase cluster active power, and (c) phase cluster dc-link capacitor
voltage. The effect in the DCHB is almost identical.

has its own single-phase dc-link, an external dc energy-source
is required. In STATCOM application, where there is no need
of any dc energy supply for each cascaded power cell, dc-link
capacitor balancing cannot be guaranteed under unbalanced
conditions, and hence, dc-link voltage drift appears. Fig. 3
shows an example of the impact of an unbalance on the
phase cluster instantaneous active powers, and on dc-link
capacitor voltages of a YCHB STATCOM. For clarity of
the illustration, the plotted voltages are low-pass filtered in
order to remove the double-frequency component (2ω). Each
phase cluster is composed of a single power cell for the
sake of simplicity. Thus, countermeasures have to be taken in
order to correct this uneven active power distribution among
phase clusters. The unbalance of the dc voltage may cause
higher semiconductor stress or increase in total harmonic
distortion (THD) at ac voltage and currents [49], or even can
make the converter exceed its operating limits. In this case,
the control strategy has to keep dc-link capacitor voltages
in each phase cluster adjusted to the reference. This solution
may suppose a de-rating in the converter output power.

On the other hand, structures with a common dc-link for
three phase clusters do not need any energy-source connected
to this dc-link in STATCOM application, whatever the unbal-
ance is. That is, the sum of terms P̄+−ph and P̄−+ph of (2) in the
three phase clusters is zero (P̄a+P̄b+P̄c = 0). This is the case
of the MMC (see Fig. 2 (c)). However, as the phase cluster
active power may differ from zero (P̄a 6= P̄b 6= P̄c 6= 0),
different dc circulating currents appear in each phase cluster;

as a result of the potential difference between the neutral
points of each set of star-connected converters forming the
MMC (E). Therefore, the control strategy needs to cancel out
these dc circulating currents to guarantee the dc-link voltage
balancing in each phase cluster [50].

B. LARGE-SCALE PV POWER PLANT SCENARIO
Multilevel VSCs based on modular structures may be
required to operate with active power. This can be the case
of large-scale PV power plants, where the active power flows
unidirectionally from the PV modules to the power grid.

Among all practical multilevel VSC topologies, the CHB
converter is considered as one of the most suitable struc-
tures for large PV integration. In this case the active power
is supplied directly by the PV modules with no need of
extra energy-sources. The separate low-voltage PV strings
can be modularly connected to each cascaded power cell.
This allows easy extension to reach higher voltage and power
levels, thus making it feasible to connect a large-scale PV
power plant to a MV grid with a single converter. The main
reasons for choosing the CHB structure for large-scale PV
integration are: 1) individual maximum power point track-
ing (MPPT) algorithm alternatives; 2) improved high-power
quality; 3) power cell fault redundancy; and even 4) the
transformerless direct grid-connection [21], [22]. Some of
these characteristics cannot be achieved with the MMC.

The CHB converter is typically designed considering that
equal amount of active power is delivered to each phase
cluster. Nevertheless, this assumption does not hold for
large-scale PV applications. Even if the number of PV mod-
ules connected to each power cell is the same, and they
are of the same characteristics, the active power supplied to
each power cell will differ (P̄a 6= P̄b 6= P̄c). This unequal
power distribution occurs as a result of the dependence of the
PV string generation on local weather conditions, or other
causes such as partial shading due to near objects or cloud
movement, unequal module temperature, manufacturing tol-
erances, dirt, or inhomogeneous module degradation [51].

As a consequence of the unequal power generation in
large-scale PV power plants, the three-phase grid cur-
rents will become unbalanced if countermeasures are not
taken [28]. As grid standards demand balanced grid current
injection [9], [52], the control strategy has to redistribute
equally the active power among phase clusters.

C. BESS SCENARIO
Another application where an active power is needed is the
battery energy storage system (BESS). These systems play
a key role in order to handle with the non-dispatchable
attributes of RES and facilitate their grid-integration. They
can even provide inertia services to the grid. In this case,
the active power can flow bidirectionally, either from the
batteries to the application or vice versa.

Modular structures are the most interesting alternatives
for BESS [24], [25]. The isolated dc-links of each power
cell are connected to separate battery strings, and thus,
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an independent management of each battery unit forming the
BESS installation is achieved. Due to this reason, each of
the converter phase clusters can absorb or deliver an unequal
active power (P̄a 6= P̄b 6= P̄c) [27].
As well as PV power plants, in order to absorb/deliver only

positive-sequence average active power from/to the ac- or dc-
source, a control strategy needs to be added.

Although the aim of the application differs, the oper-
ation principle under unbalanced conditions is the same,
either a STATCOM application, large-scale PV power plant,
or BESS: to maintain the dc-link capacitor voltages balanced,
or to supply/absorb balanced currents. That is, to set the
average active power of each phase cluster to the reference
value. Section IV deals with the techniques used for that
purpose.

IV. INTERCLUSTER ACTIVE POWER BALANCING
IN MODULAR VSC STRUCTURES
The unbalanced operation of multilevel VSCs based on mod-
ular structures involves some drawbacks to be addressed,
as mentioned in Section III. The countermeasures adopted
depend on the converter structure and the application.

A. STATCOM UNDER UNBALANCED VOLTAGE
AND/OR CURRENT CONDITIONS
As (2) shows, different average active power is derived
in each phase cluster due to the cross-interaction between
positive- and negative-sequence voltage and/or current com-
ponents. This involves a non-zero average active power in
each phase cluster of the STATCOM (P̄a 6= P̄b 6= P̄c 6= 0).
In order to quantify the degree of current unbalance,

the ratio kipn is defined [12]:

for I+ ≥ I−→ kipn =
I−

I+
→ 0 ≤ kipn ≤ 1 (3)

for I+ ≤ I−→ kipn = 2−
I+

I−
→ 1 ≤ kipn ≤ 2 (4)

Equation (3) is applied when i+ predominates, and (4) when
i− does. kipn = 0 states that the current sequence is only posi-
tive (balanced condition); kipn = 1 that both components exist
and are of equal magnitude; and kipn = 2 expresses that the
converter is only supplying negative-sequence current. Fig. 4
shows the evolution of the positive- and negative-sequence
current amplitudes as a function of kipn and the phase shift
between both sequences (θipn = θ

−

i − θ
+

i ).
Analogously, the phase shift between both voltage

sequences (δvpn = δ−v −δ
+
v ) and the ratio of voltage unbalance

(kvpn) can be defined:

for V+ ≥ V−→ kvpn =
V−

V+
→ 0 ≤ kvpn ≤ 1 (5)

for V+ ≤ V−→kvpn = 2−
V+

V−
→ 1 ≤ kvpn ≤ 2 (6)

Three main unbalanced scenarios can be identified which
the STATCOM may have to deal with:

FIGURE 4. Positive- and negative-sequence current amplitudes at
nominal phase cluster current, as a function of kipn and θipn. The same
could be applied to the voltage.

• Negative-sequence current withstanding. Sometimes,
the STATCOM is only used for dynamic power factor
correction or regulation of line voltages (usually in weak
grids). In this scenario, the STATCOM must not be dis-
connected from the power grid. However, the converter
can be demanded by the corresponding grid code to
withstand a small amount of negative-sequence voltage
(v−) in the PCC (e.g., kvpn ≈ 0.02) [30]. As Fig. 5
(a) shows, this v− generates a negative-sequence current
(i−) through the STATCOM, which should be capable of
copping with [53], [54].

• Unbalanced load compensation. The STATCOM may
be required to compensate unbalanced loads, such
as arc-furnaces, single-phase loads, etc. In this sce-
nario, ideally, the power grid supplies positive-sequence
voltage (v+) in the PCC, while the load absorbs
negative-sequence current (i−). The STATCOM pro-
vides positive- and negative-sequence voltage (v+, v−)
and current (i+, i−), so the grid is only required
of positive-sequence current (i+) (see Fig. 5 (b))
[38], [55], [56].

• Low-voltage ride-through (LVRT). As Fig. 5 (c) depicts,
when a voltage sag or an unbalanced fault occurs, in the
worst case, both positive- and negative-sequence voltage
components (v+, v−) may appear in the PCC [57]–[60].
Thus, the STATCOM needs to provide positive- and
negative-sequence voltage (v+, v−) and current (i+, i−)
in order to compensate for the power grid asymme-
try. In Germany, for example, the technical require-
ment imposes i− injection so as to reduce v− during a
fault [43].

Apart from these typical unbalanced scenarios, other ones
may also appear under certain operating requirements of
the STATCOM. However, they could be grouped within the
above-mentioned scenarios.

1) PHASE CLUSTER AVERAGE ACTIVE POWER
CANCELLATION IN THE CHB-BASED STATCOM
When CHB configurations with single-phase dc-links are
used for the STATCOM and operating under unbalanced
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FIGURE 5. Typical unbalanced scenarios of the STATCOM application. (a) Negative-sequence current withstanding, (b) unbalanced load compensation,
and (c) low-voltage ride-through (LVRT).

voltage (kvpn > 0) and/or current (kipn > 0) conditions,
the derived average active power term in each power cell and
each phase cluster must be cancelled (P̄a = P̄b = P̄c = 0).
The adopted power balancing strategy needs to guarantee
constant dc-capacitor voltages. This means that apart from
ensuring an equal active power distribution among phase
clusters (intercluster balancing), power cells forming each
phase cluster need to be balanced from their dc voltage point
of view (intracluster balancing).

This paper deals with the ‘‘intercluster active power bal-
ancing’’ [54], which aims to redistribute the active power
equally among the three phase clusters so as to preserve
the dc-link voltages adjusted to the reference value. In turn,
the ‘‘intracluster active power balancing’’ in CHBs needs
to be addressed regardless of whether it is an unbalanced
scenario or not [49], [51], [61]; therefore, it is not covered
in this review article.

The CHB converter topology was introduced by Peng and
Lai at the end of the 90’s as a promising converter structure
for STATCOM application [62], [63]. It was expected to be
the best alternative suitable for MV applications, due to its
modular structure, a transformerless connection and output
filter size reduction. These first designs were based on the
YCHB, composed of full-bridge power cells [64]–[66].

The use of the STATCOM for rebalancing issues was
well established [67]–[73]. However, most of the papers
published previously addressed the unbalanced operation of
non-modular converter structures. In 2004, Peng proposed
the DCHB converter as the alternative to the YCHB for
STATCOM application under unbalanced conditions [55].
In contrast to the star, the delta configuration allowed
to compensate unbalanced loads while compensating also
the reactive power (Q). The author proposed an ‘‘admit-
tance compensation theory’’, an active solution to force the
phase cluster average active powers to zero. This technique
was based on calculating the converter current magnitude
and phase by means of an analogous YCHB converter.
References [74], [75] analyzed the possibility of controlling
the circulating current flowing inside the DCHB. An inter-
cluster active power balancing solution was addressed for the
DCHB STATCOM [55], [74], [75], but not yet for the star
structure.

Akagi and coauthors presented a transformerless YCHB
STATCOM with pulse-width modulation (PWM) [76], han-
dling the dc capacitor voltage unbalance by independently
cancelling the average active power of each individual phase
cluster. However, this paper does not contemplate any unbal-
anced situation. Reference [77] presented a control method
based on the injection of negative-sequence current (i−) to
operate under unbalanced grid voltage conditions.

Betz and Summers proposed a pioneering compensation
control concept based on the injection of fundamental-
frequency zero-sequence voltage (YCHB), and zero-
sequence current (DCHB) [78]–[80]. The aim was to cancel
the terms P̄+−ph and P̄−+ph of (2), by means of an additional
zero-sequence term (P̄YCHB0-ph in case of the YCHB, and P̄DCHB0-ph
in case of the DCHB):

P̄ph =
V+I+

2
cos

(
δ+v − θ

+

i

)
︸ ︷︷ ︸

P̄++ph

+
V−I−

2
cos

(
δ−v − θ

−

i

)
︸ ︷︷ ︸

P̄−−ph

+
V+I−

2
cos

(
δ+v − θ

−

i + k
4π
3

)
︸ ︷︷ ︸

P̄+−ph

+
V−I+

2
cos

(
δ−v − θ

+

i − k
4π
3

)
︸ ︷︷ ︸

P̄−+ph

+P̄YCHB0-ph + P̄
DCHB
0-ph (7)

On the one hand, when the YCHB converter oper-
ates under unbalanced voltage and/or current conditions,
a fundamental-frequency zero-sequence voltage (v0) is added
to the converter star point N (see Fig. 7 (a)). The addition of
this component does not affect the three-phase voltages and
currents at the converter output, and allows two degrees of
freedom; its amplitude (V0), and angle (δv0 ):

v0(t) = V0 sin(ωt + δv0 ) (8)

The aim is to find a suitable V0 and δv0 so as to gener-
ate an active power (P̄YCHB0-ph ) which cancels out the effect
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of the non-zero average active power at each phase cluster
(terms P̄+−ph and P̄−+ph ):

P̄YCHB0-ph =
V0I+

2
cos

(
δv0 − θ

+

i − k
2π
3

)
+
V0I−

2
cos

(
δv0 − θ

−

i + k
2π
3

)
= −P̄+−ph − P̄

−+

ph

(9)

where k = 0,−1, 1 for ph = a,b,c, respectively. Defining
some constant terms (see Appendix B.1), the expressions of
δv0 and V0 can be deduced [53], [81]:

tan δv0 =
K a
1K

b
2 − K

b
1K

a
2

K b
1K

a
3 − K

a
1K

b
3

(10)

V0 =
−K ph

1

K ph
2 cos δv0 + K

ph
3 sin δv0

(11)

Fig. 6 shows how the injected zero-sequence voltage com-
ponent in the YCHB STATCOM corrects the effect of the
current unbalance on the instantaneous phase cluster active
powers. However, depending on the ratios kvpn and/or kipn,
the injection of v0 could lead the converter voltage exceed-
ing its rated level. As a consequence, the YCHB must be
over-rated in terms of voltage in order to let a wide voltage
margin to guarantee the nominal ac voltage at the PCC;
otherwise, the STATCOM should be disconnected from the
power grid. The voltage over-rating can be achieved either
serializing more power cells, or increasing the power cell
dc-link voltage.

On the other hand, if the DCHB converter is used,
the delta configuration allows unbalanced operation by letting
a fundamental-frequency zero-sequence current (i0) circu-
late inside the delta (see Fig. 7 (b)), without affecting the
three-phase voltages and currents at the converter ac side.
Similar to the YCHB, the circulating fundamental-frequency
zero-sequence current allows two degrees of freedom,
in terms of its amplitude (I0), and angle (θi0 ):

i0(t) = I0 sin(ωt + θi0 ) (12)

The additional zero-sequence active power term (P̄DCHB0-ph )
cancels out the active power terms delivered in each phase
cluster due to the cross-interaction between positive- and
negative-sequence components (terms P̄+−ph and P̄−+ph ):

P̄DCHB0-ph =
V+I0
2

cos
(
δ+v − θi0 + k

2π
3

)
+
V−I0
2

cos
(
δ−v − θi0 − k

2π
3

)
= −P̄+−ph − P̄

−+

ph

(13)

where k = 0,−1, 1 for ph = ab,bc,ca. Following the same
criteria adopted for the star, θi0 and I0 are calculated as (see
Appendix B.2) [53], [81]:

tan θi0 =
K ab
1 K bc

2 − K
bc
1 K ab

2

K bc
1 K ab

3 − K
ab
1 K bc

3

(14)

FIGURE 6. Phase cluster average active power cancellation in the YCHB
STATCOM using the fundamental-frequency zero-sequence voltage
injection (kvpn = 0). The unbalance starts at t = 50 ms, and the
intercluster active power balancing is activated at t = 100 ms. (a) Ratio of
current unbalance, (b) phase cluster active power, and (c) zero-sequence
voltage.

I0 =
−K ph

1

K ph
2 cos θi0 + K

ph
3 sin θi0

(15)

In an equivalent way to the YCHB, the injected i0 will involve
a current de-rating in the DCHB converter.

In the first approach, Betz and Summers developed the
zero-sequence injection expressions and discussed the tech-
nique under unbalanced current conditions, assuming termi-
nal voltages of the STATCOM to be balanced [78] (kvpn = 0,
kipn > 0). Later, they studied the same solution when the
output voltages were unbalanced [79] (kvpn > 0, kipn > 0).
These papers concluded that a duality exists between the
YCHB voltage rating and DCHB current rating under unbal-
anced operation [78], [79]. The method was integrated in a
novel control strategy in [80].

The previously proposed negative-sequence current injec-
tion method for the YCHB STATCOM [77] was compared
with the fundamental-frequency v0 injection, considering the
latter as the best technique for LVRT (see Fig. 5 (c)) [82].
Both methods can be combined together depending on
the unbalanced voltage sag depth [82]–[84]. However,
the negative-sequence currents for voltage balance purpose
will be injected into the power grid inevitably, which is
not preferred from the power quality point of view [85].
Accordingly, the scientific literature shows that the
fundamental-frequency v0 injection is the most widespread
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FIGURE 7. Phasor diagrams of the fundamental-frequency zero-sequence injection. (a) YCHB STATCOM under unbalanced
current conditions (kvpn = 0, kipn > 0), and (b) DCHB STATCOM under unbalanced voltage conditions (kipn = 0, kvpn > 0).

technique to address any unbalanced operating point with the
YCHB STATCOM [38], [85]–[95].

Several authors have studied the technique of injecting
a circulating fundamental-frequency i0 for the unbalanced
operation of the DCHB STATCOM. In [55], a control method
is presented for intercluster active power balancing, but no
feedback loop is formed to control the circulating current
among the delta-connected clusters. References [96]–[100]
present a control strategy for the DCHBSTATCOMconsider-
ing both unbalanced operation and circulating zero-sequence
current control.

2) COMPARISON OF YCHB AND DCHB STATCOMs
CHB structures are interesting for STATCOM applications
under unbalanced operation. This has led many authors to
individually analyze and compare the limitations and the
operating ranges of the YCHB and DCHB.

Behrouzian and Bongiorno [53], [101] investigated the
capabilities of the YCHB and DCHB STATCOM under
unbalanced current (kvpn = 0, kipn > 0) and voltage con-
ditions (kipn = 0, kvpn > 0), respectively. For that purpose,
analytical expressions of the injected fundamental-frequency
zero-sequence voltage (in case of YCHB) and current
(in case of DCHB) were developed. The authors concluded

that the utilization of these STATCOM configurations for
negative-sequence injection presents some limitations. That
is, due to a singularity that exists in the solution for the cal-
culation of the zero-sequence components, there are special
operating points for both YCHB and DCHB STATCOMs,
where v0 and i0 are unable to set the average active power
in each phase cluster to zero. These operating points are
kipn = 1 for the star, and kvpn = 1 for the delta. These
two singular points demand infinite V0 for the YCHB, and
infinite I0 for the DCHB in order to reach the dc-capacitor
voltage balancing. The authors identified that the phase shift
between current components (θipn = θ

−

i − θ
+

i ) in the YCHB,
and the phase shift between voltage components (δvpn = δ−v −
δ+v ) in the DCHB have also an impact in the zero-sequence
components to be injected. The results presented confirm the
mentioned duality between the two configurations; the impact
of kipn in the YCHB (when kvpn = 0) is equivalent to the
impact of kvpn in the DCHB (when kipn = 0). Other authors
led to similar conclusions [102], [103].

Even the duality between both configurations is interest-
ing, comparing the YCHB and the DCHB STATCOMs in the
same operating scenario is a fair approach. References [54],
[81], [103] compared the two CHB-based circuit config-
urations under balanced voltage and unbalanced current
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conditions (kvpn = 0, kipn > 0), which is a negative-sequence
current withstanding scenario (see Fig. 5 (a)). In this appli-
cation, the duality between the two configurations exposed
previously is lost: the DCHB requires less I0 than the V0
demanded by an equivalent YCHB STATCOM for a cer-
tain ratio of current unbalance (kipn). This conclusion has
motivated several authors to investigate the delta configu-
ration for unbalanced load compensation [56], [104]. Some
researchers also analyzed the DCHB STATCOM for LVRT
purposes [57], [58].

3) MMC STATCOM UNDER UNBALANCED
OPERATING CONDITIONS
Apart from CHB-based circuit configurations, the MMC is
also considered an interesting alternative to operate in unbal-
anced scenarios as STATCOM [15]. Although the MMC
needs twice as many power cells than CHB configurations
to reach the same output voltage, it presents more degrees of
freedom in its circulating current control strategy [50].

As with CHB structures, this paper deals with the ‘‘inter-
cluster active power balancing’’. Since both the ‘‘intracluster
active power balancing’’ [105] and the active power balancing
between the upper and lower arms of the MMC need to be
addressed regardless of whether it is an unbalanced scenario
or not [106], they are not analyzed in this paper.

Equation (7) can be extended to the MMC, by including an
additional average active power term (P̄MMC

dc-ph ):

P̄ph = P̄++ph + P̄
−−

ph + P̄
+−

ph + P̄
−+

ph + P̄
MMC
dc-ph (16)

Hagiwara and Akagi proposed a control method for the
MMC STATCOM under unbalanced conditions [107]–[109],
both theoretically and experimentally. In this approach,
the circulating current control of the MMC introduces an
internal dc voltage in each phase cluster (vz-ph), which drives a
dc circulating current (iz-ph) with the aim of cancelling out the
dc circulating current generated due to the non-zero average
active power at each phase cluster (terms P̄+−ph and P̄−+ph ):

PMMC
dc-ph = vz-ph · iz-ph = −P̄

+−

ph − P̄
−+

ph (17)

In an equivalent manner to the zero-sequence injection in
CHB configurations, by controlling iz in each phase cluster
of the MMC the active power can be redistributed among
the phase clusters, and hence the charge of dc-link capaci-
tors can remain adjusted to the reference value [110]–[119].
Considering that the arm inductance (Larm) is almost purely
inductive (see Fig. 2 (c)), the generated vz is negligi-
ble under unbalanced conditions, and does not imply any
de-rating.

Some technical papers can be found which compare CHB
and MMC configurations for STATCOM application under
unbalanced conditions. In [110], the authors analyze the
capability of the YCHB, DCHB and MMC for compensat-
ing unbalanced loads or LVRT operation (see Fig. 5). The
paper concludes that the MMC is the preferable option in the
above mentioned scenarios. References [114], [119] compare

FIGURE 8. Scheme of a single-phase power cell connected to a PV string
by a dc-dc converter.

the negative-sequence compensation capability between the
MMC and the DCHB configuration in LVRT application.
The authors concluded that the compensation capability of
the MMC is higher than the DCHB, considering both are
rated for the same output power (double total energy storage
for the MMC). Finally, [59] compares the performances of
the YCHB, DCHB and MMC for STATCOM in large-scale
offshore WPPs, with special focus on LVRT capability under
asymmetrical grid faults. This publication concludes that the
full-bridge MMC is the most attractive structure por that
purpose (with similar total cost and volume).

Table 2 presents a classification (studied converter struc-
tures and typical unbalanced scenarios) of the most rele-
vant references analyzed in Subsection IV-A for STATCOM
application.

B. LARGE-SCALE PV POWER PLANTS UNDER
UNBALANCED GENERATION
As mentioned in Subsection III-B, the CHB converter is one
of the most attractive structures for large-scale PV integration
[120]. The MMC is not commonly used in this type of appli-
cations. Fig. 8 illustrates the scheme of a single-phase CHB
power cell connected to a PV string by a dc-dc converter. The
dc-dc stage allows independent MPPT in order to maximize
the power extraction from the PV string. CHB power cells
can be cascaded, and then the three phase clusters can be
connected either in star (Fig. 2 (a)), or in delta (Fig. 2 (b)).

During balanced operation, the PV power delivered to each
CHB power cell is equal; thus, the active power in each of
the three phase clusters of the converter is equal to the other
two (P̄a = P̄b = P̄c). In this scenario, the three-phase
currents injected to the PCC will be balanced (kipn = 0).
The converter is controlled to generate balanced phase cluster
voltages (kvpn = 0). As the aim of a PV power plant is
to maximize the active power extraction, it operates with a
power factor as close to the unity as possible (cosφ ≈ 1).

However, the PV power generation levels in each
power cell are unlikely to be equal, especially in a large
geographically-dispersed power plant. Hence, the PV power
delivered to each phase cluster of the CHB converter can
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TABLE 2. Classification of multilevel VSCs based on modular structures for STATCOM application and typical unbalanced operating scenarios.
The crosses (×) indicate which converter structure and scenario are discussed in each reference*.

become unequal (P̄a 6= P̄b 6= P̄c). This uneven power
generation in large-scale PV power plants involves an unbal-
anced current injection into the PCC (kipn > 0) [28].
Specific control strategies are thus needed so as to supply
balanced three-phase currents to the power grid [9], [52].
This problem is analogous to the one recognized in the
unbalanced operation of the STATCOM application, as seen
in Subsection IV-A.

1) INTERCLUSTER ACTIVE POWER BALANCING IN
LARGE-SCALE PV POWER PLANTS
The objective of the power balancing in large-scale PV power
plants consists of delivering three-phase balanced currents to
the power grid (kipn = 0), even with unbalanced PV power
generation in each power cell. The required control is applied
at two levels: 1) intercluster active power balancing, which
is used when each phase cluster delivers a different amount
of power; and 2) individual or intracluster active power
balancing, which is applied when each power cell in the
same phase cluster delivers a different amount of power [51].
This review covers the first one.

References [21], [22], [121] presented an intracluster
power balancing technique of a CHB power cell-based
single-phase converter for PV integration. These first
approaches did not face the intercluster balancing. In 2012,
Townsend [122] proposed the utilization of the technique
introduced by Betz and Summers for dc-capacitor voltage
balancing in a STATCOM [78]–[80] for PV applications:
the Fundamental-Frequency Zero-Sequence Injection. This
technique was called FFZSI by [123] for PV integration, and
it is the same technique analyzed in Subsection IV-A.

The injected fundamental-frequency zero-sequence volt-
age (v0) in the YCHB, expressed in (8), is able to rebalance
the three-phase grid currents [9], even with an unbalanced
three-phase PV power generation [122]–[126]. However,
the FFZSI involves the increasing of the resultant converter
output voltage, which can easily exceed the limit set by the dc
side as the power unbalance increases. Once the voltage limit
is reached, the converter saturates, and three-phase balanced
grid currents cannot be guaranteed. The available dc-voltage
can be increased by means of a voltage over-rating, which
should not be the preferable option. Reference [127] proposes
a converter topology that can avoid the zero-sequence injec-
tion by adjusting the active power which parallel connected
dc-dc converters feed into each phase cluster. Henceforth,
the references that followed this one tried to achieve both the
maximum output ac voltage, and the intercluster active power
balancing.

The Weighted Min-Max (WMM) zero-sequence voltage
injection was proposed for the YCHB in [28], and imple-
mented in [128]. The zero-sequence voltage is generated
by using simple comparisons of weighted positive-sequence
voltage references [129]. Nevertheless, in references
[124], [130] it is stated that the WMM zero-sequence
injection is not able to provide sufficiently accurate results
since it synthesizes an incorrect fundamental-frequency
zero-sequence component. Due to this fact, the system
dynamic performance is reduced.

An effective method to improve the dc voltage utilization
in a three-phase VSC is the third-harmonic injection (THI).
Holmes and Lipo [131] deduced that a THI of 1/6 of the
fundamental-frequency component achieves the highest ac
output voltage without overmodulation (when kvpn = 0).
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TABLE 3. Classification of CHB configurations and zero-sequence injection methods for large-scale PV integration. The crosses (×) indicate which
configuration and injection method are covered in each reference.

Based on this, Yu et al. [132] proposed to combine the optimal
injection of the positive-sequence voltage with the optimal
one of the zero-sequence:

vDTHI0 (t) = V0 sin(ωt + δv0 )︸ ︷︷ ︸
v0

+
V0
6

sin(3ωt + 3δv0 )︸ ︷︷ ︸
v03

+
V+

6
sin(3ωt + 3δ+v )︸ ︷︷ ︸

v+3

(18)

The method is called Double Third-Harmonic Injection
(DTHI). As (18) shows, in addition to the fundamental-
frequency zero-sequence component (v0) of (8), its
third-harmonic component (v03 ) and the third-harmonic com-
ponent of the phase cluster positive-sequence voltage (v+3 )
are also injected. These two third-harmonic terms reduce the
peak value of the resultant phase voltages without affecting
the injected fundamental-frequency zero-sequence. In this
manner, the power balancing capabilities are improved in
comparison to the FFZSI [51], [124], [132]. The DTHI
was also applied to extend the operating ranges of CHB
STATCOMs under unbalanced current conditions [54].

The DTHI is derived considering that the overall opti-
mal THI is equal to the sum of the optimal THI of its
positive-sequence and its fundamental-frequency compo-
nents (vph3 6= v03 + v+3 ). However, this superposition prin-
ciple does not apply in this situation. From this conclusion,
an improvement of the DTHI was proposed: the Reduced
Third-Harmonic Injection (RTHI) [51]. With this injection,
the third-harmonic terms (v03 and v

+

3 ) are injected to the most
vulnerable phase cluster so as to reduce its maximum voltage.
If this injection increases the voltage of another phase cluster,
the injection level is reduced from 1/6; this is why it is called
RTHI.

Very similar toWMM zero-sequence injection, theDouble
Min-Max (DMM) zero-sequence injection was proposed
[51], [124] as another improvement of the DTHI. This
method consists of injecting the derived min-max sequence
of the positive-sequence as well as that of the required

fundamental-frequency zero-sequence. Since the superposi-
tion principle can be applied by this injection, the separation
of both min-max sequences is allowed [51].

Reference [129] proposed the Square-Wave Zero-Sequence
Injection (SWZI) [131] for PV power balancing: an injec-
tion of a fundamental zero-sequence square wave 4/π times
larger than its peak value. A combination of third-harmonic
and square-wave was also proposed under the name
Third-Harmonic Square-Wave Injection (THSWI) to further
reduce the phase cluster peak reference voltage [129].

As [130] states, all the zero-sequence injection meth-
ods proposed by Yu et al. lacked of satisfying both con-
ditions for the injection technique to be optimal: 1) its
fundamental-frequency component should be equal to that
of FFZSI; and 2) its harmonic component should make the
converter output voltage peak as low as possible to avoid
saturation. Thus, they proposed the method that would satisfy
both conditions; theOptimal Zero-Sequence Injection (OZSI)
[123], [124], [130]. This method extends the power balanc-
ing capabilities of the converter by making full use of the
available voltage [130].

Comparative studies of the power balancing capabilities of
zero-sequence injection methods proposed for large-scale PV
integration by CHB structures are also a novel approach [51],
[124], [129]. Table 3 classifies the zero-sequence injection
methods analyzed.

2) COMPARISON OF YCHB AND DCHB FOR
PV INTEGRATION
In order to address the phase cluster PV power balancing
in a CHB converter, a zero-sequence voltage (YCHB) or
a zero-sequence current (DCHB) must be added. Both of
them (v0 or i0) are expected to increase as the power unbal-
ance between phase cluster becomes more severe. This fact
involves a converter over-rating in terms of voltage for the
star case, and in terms of current for the delta one [133].
As in the field of STATCOM application, this has motivated
some authors to individually analyze and compare the power
balancing capabilities of the YCHB and DCHB.
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FIGURE 9. Scheme of a single-phase power cell connected to a battery by
a dc-dc converter.

Most of the references focused on the FFZSI of the YCHB.
Themain drawback of this method is that the power balancing
capability is limited by the available dc voltage in each phase
cluster. Due to this fact, as seen in Subsection IV-A, some
studies have extended slightly the operating range of the
YCHB bymeans of injecting a wide variety of non-sinusoidal
zero-sequence voltage components (see Table 3).
The DCHB configuration started to draw attention as a

promising alternative for PV integration [129], [133]–[135].
As these references identify, the limiting factor in the delta
case is the maximum phase cluster current that flows through
each cascaded power cell. The p.u. zero-sequence current
asked to the DCHB is smaller than the p.u. zero-sequence
voltage asked to the YCHB for the same power unbalance
scenario. This fact makes the DCHB superior to the YCHB.
In the worst case-scenario (when zero power is delivered
to one phase cluster while the other two generate the rated
power), the DCHB converter needs around 15% of current
over-rating so as to supply balanced currents. A bit of extra
current rating on the phase cluster allows the DCHB to
tolerate any level of power unbalance among phase clusters.

C. UNEQUAL ACTIVE POWER DISTRIBUTION IN BESS
Multilevel VSCs based on modular structures are a promis-
ing family for BESS [13], [15], [25], [136]–[141]. These
structures are modular, and thus scalable to medium- and
high-voltage levels, necessary for the high-power rating
demanded by grid applications. Modular structures allow
the distribution of energy storage units among the converter
power cells. Fig. 9 shows the scheme of a single-phase power
cell connected to a battery unit by a dc-dc converter.

Very similar to large-scale PV power plants, during bal-
anced operation, all battery units absorb/deliver an equal
active power. Thus, the active power is distributed equally
among the three phase clusters (P̄a = P̄b = P̄c). This means
that the three-phase current absorbed/delivered from/to the
PCC will be balanced (kipn = 0).
In the practical use of a BESS, an uneven active power

distribution among multiple battery units and phase clusters
is more usual (P̄a 6= P̄b 6= P̄c), as a result of manufacturing

tolerances, uneven temperature conditions or differences in
ageing [142]. The intercluster active power balancing allows
each of the three clusters to absorb or deliver an unequal
active power without exchanging negative-sequence currents
with the PCC [27]. This time the zero-sequence voltage or
current has to be calculated in order to achieve the desired
active power distribution among the phase clusters. This issue
is also analogous to the unbalanced operation identified for
STATCOM (see Subsection IV-A) and large-scale PV power
(see Subsection IV-B) applications.

Maharjan and Akagi proposed the utilization of the YCHB
converter for BESS [27], [142]–[144]. As these references
state, the star configuration is preferable to the delta in this
applications, so as to minimize the number of power cells
connected in cascade. For phase cluster active power balanc-
ing, these papers applied the technique introduced by Betz
and Summers for dc-capacitor voltage balancing in the unbal-
anced operation of the STATCOM [78]–[80]. The authors
add a fundamental-frequency v0 expressed in (8), in such
a way as to absorb/deliver three-phase balanced current in
spite of operating all the power cells at different power levels.
Two philosophies are distinguished: 1) phase cluster voltage
balancing control [142]–[144], which has the function of bal-
ancing the three mean dc voltages of the three phase clusters;
and 2) phase cluster state-of-charge (SOC) balancing [27],
which has the function of balancing the three mean SOC
values of the three phase clusters. The latter provides more
effective utilization of battery energy. But still, both methods
allow unequal power distribution among three phase clusters,
without causing any change in the line-to-line voltages; thus,
balanced currents are absorbed/delivered. Reference [145]
describes a SOC balancing-based real-scale YCHB BESS.

The dc circulating current between the phase clusters and
the three-phase dc-link of the MCC is able to exchange active
power among phase clusters. This current can be used to com-
pensate the unequal power distribution in an MMC BESS.
Hence, without affecting the converter output, the phase clus-
ter SOC balancing can also be reached [146], [147]. That is,
a dc portion of the circulating current can guarantee that all
phase clusters present the same average SOC. Some refer-
ences can be found which also face asymmetrical grid faults
by theMMCBESS [148], [149]. Reference [150] proposed to
integrate a RES with a BESS by anMMC. In this application,
the circulating dc current facilitates the active power transfer
between phase clusters and the three-phase dc-link, being
able to cope with the fluctuating power generated by RES.

V. FUTURE CHALLENGES
Although several works focus on the operation of multilevel
VSCs based on modular structures under unbalanced con-
ditions, there still are some future challenges that, to the
authors’ knowledge, have not been covered in depth. This
section collects the most important future research topics that
have been identified in this study.

Either grid-connected or industry applications,
STATCOMs are being asked for new operating scenarios
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which demand negative-sequence injection capability.
Different converter structures have been proposed for that
purpose, analyzing them mostly independently. As far as the
authors of this paper know, the power de-rating applied to
each structure as a result of the intercluster active power
balancing has not been clearly evaluated and fairly compared.
Besides, the unbalanced operating scenarios identified in
some references do not correspond each other in the nomen-
clature. Another open point can be considered the injection of
novel zero-sequence components proposed for PV integration
in order to increase the STATCOM power rating.

With regard to large-scale PV integration, only CHB con-
figurations have been analyzed in the specialized literature.
The possible extension to the MMC structure has not been
reported yet, which might be a promising research topic.
Moreover, new grid codes may demand unbalanced voltage
and/or currents in the PCC, in order to support an asym-
metrical grid fault or LVRT. The analysis of unbalanced PV
power generation during unbalanced PCC conditions is a key
research topic for the future power grid.

The utilization of multilevel VSCs based on modular struc-
tures for BESS has not been so widely covered as STATCOM
or PV applications. While large-scale PV integration aims
to maximize the active power extraction, BESS need to
supply/absorb active power depending on the application
demands. It is remarkable that the DCHB configuration,
which is a competitive solution for other unbalanced scenar-
ios, has not been examined in BESS applications. Besides,
even some references about the MMC have been found,
the utilization of this structure has not been completely
justified in the specialized literature.

VI. CONCLUSION
Multilevel VSCs based on modular structures are envisioned
as essential components of the future power grid. Due to their
modular and scalable features, enable high-output voltage
with low-voltage inputs. Besides, unbalanced condition is
a mandatory scenario that these structures must operate in
different applications such as STATCOM, large-scale PV
power plants, or BESS.

This paper performs a comprehensive review of the prob-
lems that the unbalanced operation in different applications
suppose for multilevel VSCs based on modular structures,
classifying the proposed intercluster active power balancing
strategies, and identifying future challenges. The authors con-
sider that this paper provides a proposal for researchers to
develop further studies.

As main conclusion, an equivalency between the three ana-
lyzed applications can be arisen. In the same way, an equiva-
lency between intercluster active power balancing techniques
applied to the YCHB, DCHB and MMC can be found.
However, the extrapolation of one scenario/technique/
structure to another one is not completely covered in the
specialized literature. Accordingly, a deeper research in this
topic is considered necessary.

APPENDIX A
The instantaneous active power in each phase cluster of the
power converter can be calculated by the inner product of the
phase cluster voltage and current [44]:

pph(t) = vph(t) · iph(t) (A.1)

Assuming an unbalanced scenario, the converter phase cluster
voltage can be expressed as

vph(t) = V+ sin
(
ωt + δ+v + k

2π
3

)
+V− sin

(
ωt + δ−v − k

2π
3

)
(A.2)

and the current as

iph(t) = I+ sin
(
ωt + θ+i + k

2π
3

)
+I− sin

(
ωt + θ−i − k

2π
3

)
(A.3)

where k = 0,−1, 1 for ph = a,b,c in the YCHB and the
MMC, and for ph = ab,bc,ca in the DCHB, respectively.
Applying the following trigonometric identity,

sinα sinβ = cos(α − β)− cos(α + β) (A.4)

expression (A.1) can be developed:
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APPENDIX B
A. CONSTANT TERMS FOR THE ZERO-SEQUENCE
VOLTAGE CALCULATION IN THE YCHB

K ph
1 = V+I− cos

(
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i + k
4π
3

)
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4π
3
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K ph
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)
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2π
3

)
(B.1)

where k = 0,−1, 1 for ph = a,b,c, respectively [53].

B. CONSTANT TERMS FOR THE ZERO-SEQUENCE
CURRENT CALCULATION IN THE DCHB

K ph
1 = V+I− cos

(
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3
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4π
3
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where k = 0,−1, 1 for ph = ab,bc,ca, respectively [53].
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