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A B S T R A C T

The rising interest in hybrid alternating current (AC)/ direct current (DC) microgrids among the global research
community can be attributed to the widespread adoption of distributed generation systems (DGs). Therefore, this
study applies the modular multilevel converter (MMC) in interconnected microgrids to serve as an interlinking
converter involving the AC and DC systems. In this topology, the MMC consists of several submodules (SMs)
where a low-voltage direct current (LVDC) microgrid is connected to the output of each SM through a dual active
bridge (DAB) converter. As a result of using this topology, more LVDC microgrids can be linked, thus enhancing
power transition feasibility. However, during unequal power distribution across LVDC microgrids, the arm
capacitor voltage balancing becomes a challenging task and if left unsolved, it will result in unbalanced output
voltage at the MMC terminal, thereby affecting the overall system. Therefore, this paper proposes the use of the
direct modulation method that is capable of naturally producing fundamental and DC components of the
circulating current within the MMC. These circulating current components are responsible for uniformly
distributing the energy between the arms of the MMC and balancing the arm capacitor voltage. The effectiveness
of the proposed method is further assessed through real-time simulation in the OPAL-RT (OP5700) environment.
The findings of this study validate that direct modulation can maintain the optimal performance of a multiter-
minal hybrid microgrid based on MMC under unbalanced power conditions without applying additional con-
trollers, thus simplifying the system design, and improving the overall efficiency.

1. Introduction

The global electricity demand has significantly increased in recent
decades, leading to a greater focus on renewable energy sources as clean
and more sustainable option [1–4]. Renewable energy is estimated to
make up 90 % of global energy production by 2050 [5–7]. One type of
electrical system that has gained popularity for its ability to effectively

utilize renewable energy sources is the microgrid [8]. A microgrid is a
localized electrical system that can operate individually or is inter-
connected with the primary power grid. It allows for the integration and
efficient consumption of clean energy in various settings, such as remote
communities, military bases, and industrial facilities [9].

Microgrids are categorized into three types, based on the type of
current flowing on the system: alternating current (AC), direct current
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(DC), and AC/DC hybrid microgrids [10,11]. DC microgrids have
become attractive in the new generation of power grids due to their
techno-economic features for integrating renewable energy and energy
storage systems and the increasing demand for DC loads and sources
[12,13]. However, the extensive prevalence of AC power systems has
made hybrid microgrids emerge as a more pragmatic solution to incor-
porate both DC and AC microgrid properties [14,15]. Hybrid microgrids
have several benefits, including the efficient transmission of power, the
ability to convert between DC and AC power, and their existing mutual
supports [16].

Conventional hybrid microgrids typically have a single AC and a
single DC terminal. These systems have been the focus of extensive
research and have proven effective in integrating renewable energy
sources and providing backup power during a grid outage [17–21].
Nonetheless, in the last few years, multiterminal hybrid AC/DC micro-
grids have increasingly gained popularity among scholars. This height-
ened interest is fueled by their substantial potential for facilitating the
comprehensive incorporation of distributed generation systems (DGs)
and addressing the expanding necessity for medium and low-voltage
(LV) DC power [22].

Multiterminal hybrid AC/DC microgrids naturally necessitate three
power conversion stages. Therefore, several research works have sug-
gested the use of a modular multilevel converter (MMC) to serve as an
interlinking converter to minimize the number of conversion stages and
more effectively satisfy power transmission requirements [22–25]. The

MMC is a state-of-the-art multilevel converter configuration, which is
exceptionally well-suited to the unique requirements of microgrids
[26,27]. The MMC design is inherently modular, providing the ability to
easily scale in response to the varying power demands of a microgrid.
Additionally, MMCs are distinguished by their high-power density,
indicating their proficiency in handling significant power volumes in a
compact space [28–30].This feature is especially advantageous in
microgrid settings, where space often presents substantial limitations.

Multiterminal hybrid AC/DC microgrids based on MMC have
demonstrated their potential for large-scale DG incorporation and
catering to the escalating necessity for medium-voltage (MV) and LVDC
power [26]. Despite the previous benefits, the issue of controlling un-
even power distribution across microgrids remains a considerable
challenge that necessitates attention. This imbalance in power distri-
bution can lead to significant repercussions, such as limiting the energy
balancing capacity of SMs and causing complications with arm capacitor
voltage balancing. Both factors can significantly impact the output
voltage of the MMC and the overall system operation.

Several MMC-based multiterminal hybrid AC/DC microgrid topol-
ogies and controllers have been developed to enhance the system per-
formance during unbalanced power distributions. In [23], the MMC was
used as a power electronic transformer (PET). This configuration com-
bines a dual active bridge (DAB) converter with an MMC half-bridge
submodule (SM). Thus, the output terminals of DAB converters are
then connected to a LV AC (LVAC) microgrid through a DC/AC power

Fig. 1. Proposed MMC-based multiterminal hybrid AC/DC microgrid topologies in literature (a) Topology proposed in [23] (b) Topology proposed in [22] (c)
Topology proposed in [24] (d) Topology proposed in [25].
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converter. Besides, Fig. 1 (a) illustrates this advanced hybrid microgrid
system, which encompasses an LVAC microgrid, an MV AC (MVAC)
microgrid, and an MV DC (MVDC) microgrid. Notably, this topology
tends to avoid the challenges of unbalanced power distribution since it
only involves a single LVAC microgrid. However, its potential is con-
strained by the limited number of microgrids it incorporates, which
results in restricted power transmission flexibility.

To enhance the power transmission flexibility a topology was pro-
posed by [22].This topology connects two LVDCs, one MVDC, and one
MVAC microgrids, as demonstrated in Fig. 1(b). However, the nonuni-
formity of the distributed power between the LVDC microgrids that are
linked to the MMC upper and lower arms creates operational challenges
for this proposed topology. To address this issue, the control method
proposed in [22] involves injecting DC and fundamental frequency
circulating current components to mitigate power disparities among the
arm. Nonetheless, this approach necessitates additional controllers,
which can increase the computation burden.

In order to improve system operation capability and interconnection
flexibility during imbalances in power distribution across LVAC and
LVDC microgrids, [24] introduces a five-terminal hybrid AC/DC
microgrid based on MMC. This setup involves half-bridge SMs linked to
Full-Bridge High-Frequency Transformers (FB-HFTs). FB-HFT outputs in
phases A and B are integrated with an LVDC microgrid using FB,
whereas phase C’s output is linked to an LVAC microgrid via a DC/AC
converter. Fig. 1 (c) demonstrates the five-terminal system that connects
a MVDC microgrid, an MVAC microgrid, two LVDC microgrids, and a
LVAC microgrid, increasing the utilization of green energy. However,
this topology is influenced by the imbalances in power distribution in
the LVDC and LVAC microgrids. To balance the power, controllers must
inject DC and AC components of the circulating current, which increases
the computational burden.

In [25], a modified MMC under a multiterminal hybrid AC/DC
microgrid is presented. This topology is distinct from the previously
described topology where each LVDC microgrid is linked to an SM-DAB
and each LVAC microgrid is attached to each SM-DAB through a DC/AC
converter, as demonstrated in Fig. 1(d). This topology enables the
connection of N microgrids, where N represents the number of SMs,
thereby enhancing power feasibility. However, uneven power distribu-
tion using this topology is severe compared to other reported topologies

since power unbalance can occur when there is a difference between the
power of microgrids that are connected to the arm and phases of MMC.
Despite this limitation, this topology has the potential to be highly
promising if the unbalanced power distribution problem can be effec-
tively addressed [26]. Notably, the authors of [25] have not proposed
any solutions to address the aforementioned challenges associated with
uneven power distribution. Table 1 provides a comparison of the above-
mentioned MMC-based multiterminal hybrid AC/DC microgrid
configurations.

Therefore, this study proposes the use of the direct modulation
method to solve the limited energy balancing capability of the SMs and
the arm capacitor voltage balancing issue that arises during unbalanced
power distribution. This approach guarantees a balanced output voltage
and the proper operation of the overall MMC-based multiterminal
hybrid AC/DC microgrid configuration proposed in [25].

The direct modulation method inherently generates fundamental
and DC circulating current components within the MMC. These circu-
lating current components will distribute the energy equally among the
MMC arms and phases and naturally maintain the arm capacitor voltage
balance without needing additional controllers. It is essential to state
that the direct modulation scheme is not new and has been used in High
Voltage Direct Current (HVDC) application. However, the advantage of
using the direct modulation method is not profound in HVDC since the
MMC’s submodules are not connected to any power source or loads and
thus do not suffer from severe arm capacitor voltage balancing issues
during unbalanced power distribution. To the author’s knowledge, the
nature of arm capacitor voltage balancing of the directly modulated
MMC in applications other than HVDC was not examined. Thus, the
major contribution of this study are:

• Explore the use of direct modulation method, by providing
comprehensive mathematical equations that explain its capability in
maintaining arm capacitors voltage balance under unbalanced
power distribution. Therefore, this study is the first to consider
applying direct modulation strategy to address the issue of severe
unbalanced power distribution between MMC-based microgrid arms
and phases.

• Eliminate the need for additional controllers to induce necessary
circulating current components for arm voltage balancing.

Table 1
Comparison of MMC-Based Multi-Terminal Hybrid Microgrid Configurations.

Feature Fig1.a [23] Fig1.b [22] Fig1.c [24] Fig 1.d [25] This Study

Configuration Connects one LVAC
and one MVAC
microgrid

Connects two LVDCs, one
MVDC, and one MVAC
microgrid

Integrates MVDC, MVAC,
two LVDCs, and one LVAC
microgrid

Connects multiple LVDC and
LVAC microgrids via SM-
DABs

Multiple LVDC microgrids connected
to the SMs and one MVAC

IGBT Count for N
= 4 SM

244 240 170 240 + 4*x (x is the number of
LVACs)

240

Advantages Simple
configuration
without power
balance issues

Enhanced capability under
power unbalance
conditions

Lower IGBT count
enhancing efficiency

Integrates multiple LV
microgrids, offering
scalability

Integrates multiple LV microgrids,
emphasizing scalability

Operational
Challenges

Limited power
transmission
flexibility

Unbalanced power
distribution between MMC
arms which will affect the
arm capacitor voltage
balancing

Unbalanced power
distribution between MMC
phases which will affect the
arm capacitor voltage
balancing

Severe unbalanced power
distribution between MMC
arms and phases which will
affect arm capacitor voltage
balancing

Severe unbalanced power
distribution between MMC arms and
phases which will affect arm
capacitor voltage balancing

Proposed Solution
to Operational
Challenge

N/A Inject fundamental and DC
circulating current
components using
additional controllers

Inject fundamental and DC
circulating current
components using
additional controllers

No solution was proposed for
arm capacitor voltage
balancing during unbalanced
power distribution

The use of direct modulation that
inherently injects fundamental and
DC circulating current components to
mitigate power imbalances without
using extra controllers
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Therefore, the direct modulation approach simplifies the system
design and improves efficiency. Besides, the proposed direct modu-
lation technique ensures consistent output voltage at the MMC’s
output terminal, enhancing the overall performance of the microgrid
system.

• Comparatively assessing the effectiveness of the direct modulation
technique with respect to the indirect modulation method, high-
lighting the advantages and limitations of both applied techniques,
and validate the effectiveness of the direct method through real-time
simulation via OPAL-RT (OP5700), under unbalanced power distri-
bution scenarios.

• Fill the knowledge gap in the importance of using the direct modu-
lation method beyond HVDC applications, providing prospects in
optimizing its deployment for complex microgrid structures.

The basic structure and operation of the MMC-based hybrid micro-
grid are explained in detail in Section 2. Section 3 describes the direct
modulation technique and the principle behind its ability to balance arm
capacitor voltage. A description of the control scheme of the MMC-based
hybrid microgrid is provided in Section 4. Section 5 presents the real-
time simulation outcomes of the suggested approach under different
scenarios. Finally, the conclusions and observations drawn from this
study are presented in Section 6.

2. MMC based multiterminal hybrid microgrid

2.1. System configuration

In this paper, the MMC serves as an interlinking converter, merging
N LVDC microgrids with an MVAC Microgrid. Each LVDC microgrid is
interconnected to the MMC’s SM through a DAB, as illustrated in Fig. 2.
The DAB converter regulates the voltage levels at LVDC terminals and
facilitates the transmission of DC power. As demonstrated in Fig. 2, the
DAB converter consists of two full-bridge converters, a high-frequency
transformer, and an output capacitor, all of which contribute to its
ability to offer a broad range of voltage adjustment options. In this
paper, the LVDC microgrid is depicted by a PV system and DC load,
while the AC system is represented by an AC source and AC load as

shown in Fig. 2.
The MMC is capable of generating MV sinusoidal waveforms using

LV components without the need to connect these components in series
[31–33]. The MMC circuit configuration in Fig. 2 involves arranging the
SMs in series [31–33]. Each phase of the m-level MMC is called a leg, and
every leg is divided into upper and lower arms, with each arm con-
taining N SMs, where N resembles the number of SMs. Each SM consists
of a half-bridge (HB) converter with a DC capacitor. The HB switches, S1
and S2, control the current flowing through the SM, and the DC
capacitor acts as a voltage source. When S1 is on and S2 is off, the SM is
connected to the circuit, and the terminal voltage is equal to the
capacitor voltage. The polarity of the arm current determines the
charging or discharging of the capacitor; if the current is positive, the
capacitor is charged through the upper diode. If the current is negative,
the capacitor is discharged. When S2 is on and S1 is off, the SM is
bypassed, and the capacitor voltage remains constant. The switches
must be used complementarily to prevent the capacitor from being
shorted. By controlling the number of inserted and bypassed SMs, the
MMC produces a staircase output voltage at its AC terminals. Besides,
the arm inductors (L) restrict the circulating current within the MMC.

2.2. Problem description

In general, a multiterminal hybrid AC/DC microgrid-based MMC
offers significant advantages regarding power feasibility due to the high
number of LVDC microgrids that can be interconnected. However, the
power imbalance resulting from variations in the power distribution
between the LVDC microgrids poses a significant challenge to the proper
functioning of the system. In this topology, two types of power imbal-
ances can occur: inter-phase and inter-arm imbalances. The inter-phase
imbalance arises from power variations in the LVDC microgrids among
the different phases. In contrast, the inter-arm imbalance occurs when
the power of the LVDC microgrids in the upper arm differs from that of
the LVDC microgrids in the lower arm.

Generally, the power imbalance will lead to unbalanced arm
capacitor voltages, which will result in an unbalanced output voltage at
the MMC and, by extension, the overall performance of the multiter-
minal hybrid microgrid system. Addressing the power imbalance issue is

Fig. 2. Multiterminal hybrid AC/DC microgrid based on MMC.
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crucial for ensuring the proper operation of the MMC within the
framework of the multiterminal hybrid microgrid.

2.3. Modelling

In this subsection, the mathematical representation of the MMC is
delved in to assist in the design process of the control system and better
comprehend the dynamics of direct and indirect modulation. To simplify
the analysis, the individual SMs of each arm in the MMC are illustrated
by a single voltage source expressed as vu and vl, as presented in Fig. 3.
To establish a mathematical model, the single-phase MMC is utilized.

In principle, Kirchhoff’s circuit laws can be employed to formulate
the following expressions:

vdc

2
− vx = vu +Riu + L

diu
dt

(1)

vdc

2
+ vx = vl +Ril + L

dil
dt

(2)

ix = iu − il (3)

where the lower and upper arms currents are represented by il and iu,
respectively. The arm’s overall resistance and inductance are denoted by
R and L, respectively. While ix and vx represent the output current and
voltage, respectively.

The currents in the arm comprise a circulating current and an
alternating output current [34], as demonstrated in (4) and (5):

iu =
ix
2
+ iz (4)

il = −
ix
2
+ iz (5)

where the circulating current is denoted by iz and can be expressed
as

iz =
il + iu

2
(6)

Furthermore, (7) can be obtained by subtracting (1) from (2) and
substituting iu − il by ix

vl − vu

2
= vx +

R
2
ix +

L
2

dix
dt

(7)

The summation of (2) and (1) and employing (6) yields the following
expression.

L
diz
dt

+Riz =
vdc

2
−

vl + vu

2
(8)

To simplify the analysis, the term vl − vu
2 in (7) can be represented as ex,

which represents the internal electromotive force (emf) of the MMC that
drives the output current, while the term vdc

2 −
vl+vu

2 in (8) is represented
with vz.

The voltage of the upper and lower arms can be formulated in the
following forms.

vu =
vdc

2
− ex − vz (9)

Fig. 3. Single phase topology of MMC.

Fig. 4. (a) indirect modulation method (b) direct modulation method.
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vl =
vdc

2
+ ex − vz

3. Direct modulation

In this study, the direct modulation method is proposed to ensure the
proper operation of the MMC in the presence of unequal power distri-
bution in LVDC microgrids connected to the SMs of the MMC. The first
subsection provides an overview of the direct modulation method and
compares it with the indirect modulation approach. The second sub-
section details how the direct modulation approach can effectively
balance arm capacitor voltage in the presence of unbalanced power
among LVDC microgrids.

3.1. Comparison between direct and indirect modulation techniques

Modulation techniques for MMCs can be divided into direct and in-
direct. The indirect modulation method determines the normalized
arm’s reference voltage (v*

uxandv*
lx) based on the voltage levels of the

submodule capacitors in each arm (
∑

vcuxand
∑

vclx), as illustrated in
Fig. 4(a) [35,36]. This method produces a 2 N + 1 voltage level and
inherently prevents the twice-line frequency component in the circu-
lating current but requires a closed-loop controller to stabilize the arm
capacitor voltage. On the contrary, in the direct modulation method, the
arm reference voltages (v*

ux and v*
lx) are normalized based on the rated

DC bus voltage (v*
dc) as demonstrated in Fig. 4(b). Thus, in this method,

the number of inserted cells in the upper and lower arms remains con-
stant (N) [37].

This method has the drawback of causing a twice-line frequency
component in the circulating current due to the instability of the SM
capacitor voltage. This issue can be mitigated by increasing the arm
inductor (L). However, the direct modulation method has a unique
property of naturally balancing the arm capacitor voltage without the
need for using a closed loop controller, which can be of great use in an
MMC-based multi-terminal hybrid microgrid. Fig. 4 demonstrates the
difference between direct and indirect modulation method in obtaining
the insertion ratios of MMC arms (n*

uxandn*
lx) where e*

x represents the
inner emf reference voltage obtained from the vector control that drives
the AC grid current, v*

dc is rated DC bus voltage, v*
z is the voltage that

drives or controls the circulating current.

3.2. Role of direct modulation in MMC-Based multiterminal hybrid
microgrid

The uneven power distribution in the LVDC microgrids in Fig. 2 will
result in variable power consumption across the MMC arms and phases.
This, in turn, will cause the sum and the difference of the upper and
lower arm capacitor voltage of each phase to drift from its equilibrium.
The direct modulation method will inherently induce a DC component of
the circulating current when the sum of the upper and lower arm
capacitor voltage of each phase drifts from equilibrium and a funda-
mental current component when the difference between the upper and
lower arm capacitor voltage drifts from equilibrium. These induced
circulating current components will transfer energy among the arms.
Therefore, the SM capacitor voltages within the arm are maintained at
their designated values, ensuring that a balanced output voltage is
produced.

To gain an understanding of why this happens when direct modu-
lation is used, it’s essential to use the MMC mathematical model.

The reference voltages for the upper and lower arms of the MMC,
which are derived from (9) and by neglecting the term vz is given as
flows.

v*
ux =

V*
dc
2

− e*
x (10)

v*
lx =

V*
dc
2

+ e*
x (11)

where e*
x represents the inner emf reference voltage obtained from

the vector control that drives the AC grid current.
The insertion ratio of the arms in the direct modulation method,

according to its definition and as illustrated in Fig. 4 is as follows:

n*
ux =

v*
ux

V*
dc
=

V*
dc
2 − e*

x

V*
dc

=
1
2
−

e*
x

V*
dc

(12)

n*
lx =

v*
lx

V*
dc
=

V*
dc
2 + e*

x

V*
dc

=
1
2
+

e*
x

V*
dc

(13)

Thus, the actual voltage of the arms can be determined by

vux = n*
ux

∑
vcux =

(
1
2
−

e*
x

V*
dc

)
∑

vcux (14)

vlx = n*
lx

∑
vclx =

(
1
2
+

e*
x

V*
dc

)
∑

vclx (15)

X

Fig. 5. MMC Control System.

A.G. Abo-Khalil et al. International Journal of Electrical Power and Energy Systems 162 (2024) 110274 

6 



where
∑

vcux and
∑

vclx represent the total capacitor voltages of the SMs
in the upper and lower arms, respectively. Since the time derivative of
energy is power, the upper and lower arm power can be computed by
multiplying the arm voltage by the arm current.

dEux

dt
= Pux = vuxiux = (n*

ux

∑
vcux)iux (16)

dElx

dt
= Plx = vlxilx = (n*

lx

∑
vclx)ilx

The change in the arm capacitor energy can further be represented in
detail as:

dEux

dt
= C

∑N

i=1
vcux[i]

dvcux[i]

dt
≅

C
2N

d
( ∑

vcux
)2

dt
=

C
N
∑

vcux
d
∑

vcux

dt
(17)

dElx

dt
= C

∑N

i=1
vclx[i]

dvclx[i]

dt
≅

C
2N

d
( ∑

vclx
)2

dt
=

C
N
∑

vclx
d
∑

vclx

dt

Then by substituting (17), (14), and (15) into (16) and by replacing
(iux and ilx) by their equivalent in (4 and 5), the dynamics of the energy
and arm capacitor voltage are obtained.

dEux

dt
=

C
N

d
∑

vcux

dt
= n*

uxiux =
(

1
2
−

e*
x

V*
dc

)(
ix
2
+ iz

)

(18)

dElx

dt
=

C
N

d
∑

vclx

dt
= n*

lxilx =
(

1
2
+

e*
x

V*
dc

)(
− ix
2

+ iz
)

The sum and the difference energy of (18) in each phase are given
below.

d(Eux + Elx)

dt
=

d(
∑

Ex)

dt
=

1
V*

dc

(
V*

dc iz − e*
xix

)
(19)

d(Eux − Elx)

dt
=

d(ΔEx)

dt
=

(
ix
2
−

2e*
xiz

V*
dc

)

From (19), it can be concluded that the total sum of arm capacitor
energy,

∑
Ex, of each phase is affected by the DC component of the

circulating current. On the contrary, the DC component of the circu-
lating current does not affect the difference arm capacitor energy, ΔEx,

since e*
x contains no DC component. Thus, according to (19), the dif-

ference in arm capacitor energy, ΔEx, is affected by the fundamental
frequency component of the circulating current.

The direct modulation technique can produce a fundamental fre-
quency and DC component in the circulating currents inherently. This
can be explained as follows:

The total voltage of the SMs capacitors within each arm is:
∑

vcux = V*
dc (20)

∑
vclx = V*

dc

Thus, the sum and the difference of the SMs capacitors in each phase
can be described as:
∑

vcx =
∑

vcux +
∑

vclx = 2V*
dc (21)

Δvcx =
∑

vcux −
∑

vclx = 0

Rewriting (8) that covers the circulating current dynamics as:

L
diz
dt

+Riz =
1
2
(Vdc − (vux + vlx) ) (22)

and by adding vux and vlx in (14) and (15), the following is obtained:

vux + vlx =
1
2

(∑
vcux +

∑
vclx

)
+

ex
V*

dc
(
∑

vclx −
∑

vcux (23)

By substituting (23) in (22) it can be expressed as:

L
diz
dt

+Riz =
1
2

(

Vdc −

(
1
2

(∑
vcux +

∑
vclx

)
+

ex
V*

dc
(
∑

vclx

−
∑

vcux)

))

(24)

According to (21)
∑

vcux +
∑

vclx can be replaced by
∑

vcx and
(

v
∑

cxl − v
∑

cxu

)

can be replaced by − Δvcx. Thus, (24) becomes as follows:

L
diz
dt

+Riz =
1
2

(

Vdc −

∑
vcx
2

+
ex
V*

dc
(Δvcx)

)

(25)

From (25), it can be observed that when
∑

vcx drift from 2V*
dc due to

the changes in the power distribution between LVDC, will trigger a DC
component in the circulating current. Alternatively, if Δvcx diverges
from zero, it inherently prompts a fundamental frequency component
within the circulating current. The naturally induced circulating current
components due to the use of direct modulation will transfer the energy
among the arms. As a result, the arm capacitor voltages will remain at
their rated voltages, resulting in a proper output voltage.

On the other hand, the insertion ratio of the arms in the indirect
modulation method according to its definition and Fig. 4 is as follows:

n*
ux =

v*
ux∑
vcux

=

V*
dc
2 − e*

x∑
vcux

(26)

n*
lx =

v*
lx∑
vclx

=

V*
dc
2 + e*

x∑
vclx

Thus, the actual voltage of the arms can be determined by

vux = n*
ux

∑
vcux =

⎛

⎜
⎝

V*
dc
2 − e*

x∑
vcux

⎞

⎟
⎠

∑
vcux =

V*
dc
2

− e*
x (27)

vlx = n*
lx

∑
vclx =

⎛

⎜
⎝

V*
dc
2 + e*

x∑
vclx

⎞

⎟
⎠
∑

vclx =
V*

dc
2

+ e*
x (28)

by adding vux and vlx in (27) and (28), the following is obtained:

vux + vlx = V*
dc (29)

By substituting (29) in (8):

L
diz
dt

+Riz =
1
2
(
Vdc − V*

dc
)

(30)

From (30), it can be concluded that the indirect modulation method
is not capable of inherently inducing a DC and the fundamental
component is the circulating current. Therefore, a circulating current
controller is introduced to inject these components by using the term vz,
as shown in Fig. 4.a as a result (30) becomes:

L
diz
dt

+Riz =
vdc

2
− vz (31)

4. Control method

The control system of the MMC-based multiterminal microgrid
consists of one carrier phase shift pulse width modulation (CPS-PWM),
two balancing blocks, and vector control, as shown in Fig. 5, which will
be explained in this section.

4.1. Vector control

The vector control approach is employed to regulate the AC current
output of the MMC in the multiterminal microgrid. This technique
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regulates the voltage converter to comply with a current reference
injected into the AC system. This control approach necessitates con-
verting currents and voltages from the ABC reference frame into a DQ
synchronous reference frame. A significant advantage of vector control
is the appearance of AC voltage and current vectors as steady constants
post-DQ transformation, allowing simple PI controllers to mitigate static
errors. This control scheme is implemented as a cascaded structure
consisting of two successive control loops, where the outer loop supplies
the set points for the inner current control loops. As depicted in Fig. 5,
the active current reference, denoted as i*d, is derived from a PI controller
which takes into account the voltage discrepancy between the total
voltage across all submodule capacitors and its set point, represented by
6V*

dc. If the total capacitor voltage falls below 6V*
dc, an active current is

absorbed by the MMC. Conversely, when the cumulative capacitor
voltage surpasses 6V*

dc, the MMC introduces active current into the
system. The reactive current reference is denoted as i*q, and determined
by the MVAC grid’s reactive power needs for compensatory purposes.
This is expressed as i*q =2*QMVAC/3Vg, where QMVAC signifies the
reactive power dispatched from the MVAC grid, and Vg represents the
amplitude of the MVAC grid voltage. To find the requisite phase angle
for shifting voltages and currents between the ABC and DQ reference
frames and vice versa, a Phase Locked Loop (PLL) is employed. The inner
control loop then produces the needed q-axis (vq) and d-axis (vd) voltage
elements. Once these voltages are produced, they’re transposed to the
ABC reference frame (represented as va, vb , vc) and forwarded to the
CSP-PWM block.

In addition to controlling the MMC, DAB converters that are used to
connect the LVDC microgrid to the SM need to be controlled. More in-
formation about the control of DAB converters is found in [38].

4.2. CPS-PWM

Multilevel converters work on the fundamental idea of creating a
sinusoid voltage out of discrete voltage levels. Pulse-width-modulation
(PWM) strategies can be used to achieve this. Numerous PWM strate-
gies tailored to multilevel converters have been established [24,25,31].
The carrier phase shift pulse width modulation (CPS-PWM) is among the
most popular PWM techniques used for MMC. In CPS-PWM, the modu-
lation reference of each phase obtained from the vector control is
compared with multiple carrier waveforms to generate the number of
SM that need to be turned on in the upper arms of the MMC, as
demonstrated in Fig. 5. It is worth noting that in this paper, only one
CPS-PWM is used. The number of SMs in the lower arm is determined by

the complement of the upper arm, as per (32). This effectively removes
the necessity for a separate CPS-PWM for the lower arm. The rationale
behind discarding the second CPS-PWM is based on the observation that
in direct modulation, the total number of SMs incorporated in each
phase equals N, where N denotes the number of SMs per arm. The use of
only one CPS-PWM will reduce the system computation burden. In
addition, it will facilitate the inherent generation of the DC and funda-
mental component in the circulating current during imbalanced power
distribution in the Microgrids.

Nlo = N − Nup (32)

4.3. Balancing method

In the effective operation of a Modular Multilevel Converter (MMC),
maintaining a balance in the capacitor voltages of each submodule (SM)
is crucial. This study utilizes the ’sorting method’ to establish this bal-
ance. This procedure entails organizing the capacitor voltage of every
SM in an ascending or descending sequence. Subsequently, the SM
possessing the lowest voltage is selected and inserted during the arm
current’s positive flow, thereby charging it. Conversely, when the arm
current flows in the negative direction, the SM with the highest voltage
is inserted, facilitating the capacitor’s discharge. An in-depth explora-
tion of the steps necessary to apply this voltage balancing method can be
found in [39].

5. Results and Discussion

The real-time simulation is conducted in this section to validate the
effectiveness of the direct technique in preserving the stable operation of
the MMC-based microgrid during unbalanced power distribution. The
model of the MMC-based multiterminal microgrid was developed in
Simulink/MATLAB and then tested using the OP5700 platform from
OPAL-RT Technologies, as illustrated in Fig. 6. The developed three-
phase five-level MMC uses four SMs, four DABs, and four LVDC micro-
grids in each arm, resulting in 24 SMs, 24 DABs, and 24 LVDC microgrids
in total. In addition, one MVAC microgrid is connected to the AC output
terminal. Table 2 provides the parameters of the MMC-based hybrid
microgrid that are utilized in the real-time simulation. These parameters
are selected based on relevant international standards to ensure
compatibility and safety in microgrid applications. The MVAC microgrid
voltage of 3 kV was chosen in accordance with IEC Standard 60038. For
the LVDC microgrid that was selected, following the European Union
Low Voltage Directive (LVD) 2006/95/EC. Additionally, the design of

Fig. 6. Real-time simulation setup.

A.G. Abo-Khalil et al. International Journal of Electrical Power and Energy Systems 162 (2024) 110274 

8 



the MMC was based on these specified MVAC and LVDC voltage levels to
ensure optimal performance and integration within the microgrid
system.

It is worth mentioning that the real-time suite caters to signals within
a specified voltage range at the Analog to Digital Converter (ADC) ter-
minals, thus mandating the step-down of the MMC-based hybrid
microgrid parameters for proper observation of the results via a 4-chan-
nel oscilloscope. The case studies that are used to validate the effec-
tiveness of the direct and indirect modulation are given in Table 3.

5.1. Case1

Initially, all the LVDC microgrid’s power is set to 100kW. At t = 0.9
s, the power level of each LVDC Microgrid of phase-a is changed from
100kW to 50kW. In this notion, the total power of the microgrids of
phase-a (PA) is decreased from 800kW (8*100kW) to 400kW (8*50kW)

as depicted in Fig. 7(a). Meanwhile, the power levels of the microgrids in
the other phases remain unchanged, creating an imbalance in power
distribution between the phases. The imbalance in the power distribu-
tion between LVDC microgrids causes the sum voltages,

∑
vcx, to drift

from 2Vdc, as presented in Fig. 7(b). According to (25), the drift of the
sum voltage when the direct modulation is used will inherently induce a
DC component in the circulating current, as demonstrated in Fig. 7(c).
This study makes a key contribution by demonstrating the direct

modulation method’s capability to induce a DC component in the
circulating current in response to this deviation. This DC component
effectively balances the arm capacitor voltages at their rated value of
1500 V, despite power imbalance, as shown in Fig. 7(d). The successful
balancing of the arm capacitor voltages resulted in a balanced output
voltage, as illustrated in Fig. 7(e).

A key measure of the effectiveness of the direct modulation strategy
is the Total Harmonic Distortion (THD). A slight variation was observed
in the THD of phase-a voltage before and after t = 0.9 s, marginally
dipping from 17.56 % to 17.40 %. This marginal change supports the
argument that direct modulation managed to maintain consistently high
voltage quality despite unbalanced power distribution in LVDC
microgrids.

On the other hand, when the indirect modulation method is used, no
DC component is induced in the circulating current, as shown in Fig. 8
(a). Therefore, the unequal power distribution of LVDC microgrids re-
sults in the arm capacitor voltage of phase a drifting from its rated value
(1500 v), as illustrated in Fig. 8(b). This substantial and non-steady drift
in arm capacitor voltage has affected the output voltage of phase-a and
resulted in an unbalanced output voltage, as presented in Fig. 8(c). With
the indirect modulation method, the THD of phase-a voltage has
increased significantly from 9.51 % before t = 0.9 s to 22.31 % after the
event. This vivid increase emphasizes the challenges inherent in the
indirect modulation approach under conditions of unequal power dis-
tribution. In addition, the results also suggest a potential necessity for
controllers to induce a DC component in the circulating currents,
thereby achieving the required balancing of arm capacitor voltages.

It’s worth noting that before the power shift at t = 0.9 s, the THD in
the indirect modulation method was lower than in the direct modulation
method. This can be attributed to the inherent capacity of the indirect
modulation method to produce an output voltage level of 2 N + 1,
compared to the direct modulation method, which can only achieve N +

1 levels.

5.2. Case2

In this case, each LVDC microgrid has a power capacity set at
100kW. However, at t = 0.9 s, the power of each LVDC microgrid in the
upper arm of phase-a is scaled down to 50 kW. This power reduction
leads to a corresponding decrease in the generated power of phase-a
from 800kW (8*100kW) to 600kW (4*50kW+4*100kW) (PA), as
depicted in Fig. 9(a), with the power levels of the remaining phases
staying constant. The unbalanced power between the arms (upper and
lower) initiates a substantial deviation in Δvcx from its equilibrium state
(Δvcx ≅ 0), as shown in Fig. 9(b).

Thus, when direct modulation is used, it inherently induces an AC
component in the circulating current according to (25).

Table 2
System Parameters.

MMC − parameters

SM capacitance C = 2600H
Arm inductance L = 1.59mH
SM average voltage Vsm avg = 1500V
Switching frequency fsw = 5KHz
Number of levels N = 5

MVAC Microgrid

Voltage VMVAC = 3kV
Rated power PMVAC = 2.4Mw

LVDC Microgrid

Rated DC voltage VLVDC = 400
Rated power PLVDC = 1 00 kW

DAB converter

Switching frequency (fsw) 4kHz
DC capacitance 1mF
Input voltage 1500 V
Leakage inductance 0.5mH

Table 3
Description of case studies implemented using direct and indirect modulation.

Case Time
Phase a Phase b Phase c

Upper arm total power Lower arm total power Upper arm total power Lower arm total power Upper arm total power Lower arm total power

1 After 0.9 s 200kW 200kW 400kW 400kW 400kW 400kW
​ ​ ​ ​ ​ ​ ​ ​

2 After 0.9 s 200kW 400kW 400kW 400kW 400kW 400kW
​ ​ ​ ​ ​ ​ ​ ​

3
After 0.5 s 200kW 200kW 400kW 400kW 400kW 400kW
After 1 s 200kW 200kW 200kW 400kW 400kW 400kW
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Fig. 7. Case 1: Direct modulation (a) total power of microgrids, (b)
∑

Vx, (c) Circulating current, (d) SMs capacitor voltages, (e) MMC output voltage.
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The imbalance between the arms power does not merely impact the
arm; it also disrupts the power balance among the three phases.
Consequently, a DC circulating current emerges along with the AC
circulating current, as revealed in Fig. 9.c. Fig. 9(d) shows that the
induced circulating current components could effectively balance the
arm capacitor voltages despite the uneven power distribution between
the LVDC microgrids, which led to a balanced output voltage, as illus-
trated in Fig. 9(e). Only a slight variation was observed in the THD of
phase-a voltage before and after t = 0.9 s, marginally increasing from
17.59 % to 17.67 %.

In contrast, when using the indirect modulation method, it can be
observed that no components are induced in the circulating current, as
presented in Fig. 10(a). This resulted in unbalanced arm capacitor
voltages, as illustrated in Fig. 10(b). which affects the MMC output
voltage balance, as shown in Fig. 10(c). Thus, in this case, the THD of
phase a has increased from 8.99 % to 18.50 %.

5.3. Case3

To further examine the capability of the direct modulation in
balancing the arm voltage, a third case is introduced where both the arm
and phase power imbalance occurs. Initially, each LVDC microgrid has a
power capacity at 100kW and at t = 0.5 s, the power of each LVDC
microgrids in phase-a is reduced to 50kW. Then at t = 1 s the power of
each LVDC microgrid that is connected to the upper arm of phase-b is
reduced to 50kW. Fig. 11(a) illustrates the change in power of each
phase. The unbalanced power between the phases and arms has led to a
substantial deviation in

∑
vcx from 2Vdc, and Δvcx from 0 as depicted in

Fig. 11(b) and Fig. 11(c). According to (25), the drift of
∑

vcx from 2V*
dc

will induce a DC component in the circulating current when the direct
modulation is used, as it can be observed in Fig. 11(d). On the other

hand, it can be concluded from (25) that when Δvcx diverges from zero,
the direct modulation will inherently induce a fundamental frequency
component within the circulating current. The inherently induced
circulating current component due to the use of direct modulation has
resulted in balance arm capacitor voltage, as shown in Fig. 11 (e) and
Fig. 11(f). Thus, a balanced output voltage is achieved as illustrated in
Fig. 11 (g)

In this case, the THD of phase-a voltage exhibited a slight increase
from 17.40 % to 17.62 % after t = 0.5 s, while phase-b saw a minimal
rise from 17.43 % to 17.44 %. Subsequently, after t = 1 s, the THD of
phase-a decreased to 17.60 %, and phase-b also demonstrated a reduc-
tion to 17.38 %. These marginal variations in THD for both phases
suggest that direct modulation is effective at preserving voltage quality
during unbalanced power distribution.

In contrast, the indirect modulation method is not capable of
inherently inducing a DC component and a fundamental frequency
component within the circulating current, a limitation evident in Fig. 12
(a) Consequently, the arm capacitor voltage of phase-a and phase-b
deviates from its ideal rating of 1500 V, as demonstrated in Fig. 12(b)
and Fig. 12(c). This pronounced and fluctuating divergence in the arm
capacitor voltage significantly disrupts the output voltage of phase-a
and phase-b, leading to voltage imbalances as captured in Fig. 12(d).

The THD of phase-a voltage when the indirect modulation is used
surged from 8.99 % to 23.90 % after t1 = 0.5 s, and phase-b experienced
a similar significant increase from 8.96 % to 23.10 %. Despite a subse-
quent slight decrease after t2 = 1 s, to 22.80 % for phase-a and 23.98 %
for phase-b, the THD levels remained substantially elevated compared to
their initial values. This significant increase in THD underlines the
challenges posed by indirect modulation in maintaining voltage quality
under unbalanced power distribution conditions. It reinforces the po-
tential need for additional controllers to introduce a DC component and
a fundamental frequency component into the circulating currents to

Fig. 7. (continued).
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Fig. 8. Case 1: Indirect modulation a) Circulating current, b) SMs capacitor voltages, c) MMC output voltage.
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Fig. 9. Case 2: Direct modulation a) total power of microgrids, b) ΔVx, c) Circulating current, d) SMs capacitor voltages, e) MMC output voltage.
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Fig. 9. (continued).
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Fig. 10. Case 2: Indirect modulation a) Circulating current, b) SMs capacitor voltages, c) MMC output voltage.
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Fig. 11. Case 3: Direct modulation a) total power of microgrids, b)
∑

Vx, c) ΔVx, d) Circulating current, e) SMs capacitor voltages for phase-a, f) SMs capacitor
voltages for phase-b, g) MMC output voltage.
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Fig. 12. Case 3: Indirect modulation a) Circulating current, b) SMs capacitor voltages of phase-a, c) SMs capacitor voltages of phase-b, d) MMC output voltage.
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balance the arm capacitor voltage.
Table 4 provides a comparison of key performance indicators for

direct and indirect modulation methods across the cases, further illus-
trating the effectiveness of the direct modulation approach.

Table 5 demonstrates the notable merits that the direct modulation
technique holds in comparison with the proposed controllers in [22] and
[24].

6. Conclusion

Balancing arm capacitor voltages is considered a critical challenge
during unbalanced power distribution in MMC-based multiterminal
hybrid microgrid systems. If left unresolved, this issue can significantly
impact the balance of the output voltage of the MMC, thereby affecting
the overall system performance. To address this challenge, this study

proposes the use of direct modulation for the MMC-based multiterminal
hybrid microgrid system, comprising of one MVAC microgrid and N
LVDC microgrids that are interfaced with the MMC SMs.

The implementation of direct modulation provides a transformative
solution that inherently generates both DC and fundamental frequency
components within the MMC’s circulating currents. These components
play a pivotal role in stabilizing the arm capacitor voltages, thereby
ensuring the production of a consistent output voltage at the MMC’s
output terminal.

The real-time simulation results confirm the superiority of direct
modulation over the traditional indirect modulation approach. It was
found that indirect modulation does not inherently induce DC and
fundamental frequency components, necessitating the use of additional
controllers to induce these components for arm capacitor voltage
balancing. This requirement adds complexity to the system and can

Table 5
Comparative assessment of key figure of merits between proposed direct modulation technique and Arm Energy and Circulating Current Controllers proposed in [22]
and [24]

Figures of Merit Proposed Direct Modulation Technique Arm Energy and Circulating Current Controllers (Cascaded Control
System) [22,24]

Key Control Components Utilizes inherent generation of circulating current components (both
fundamental and DC) within MMC without additional controllers.

Relies on multiple cascaded control loops with PI controllers,
Proportional-Integral-Resonant (PIR) controllers.

​ ​ ​

System Complexity Simplified control strategy with no need for additional controllers to
balance arm capacitor voltages.

Higher complexity due to multiple control loops and requires precise
delay, ensuring the inner loop operates faster than the outer loop to
maintain system stability.

​ ​ ​

Tuning Requirements No tuning required. Direct modulation inherently maintains voltage
balance, reducing the need for extensive parameter adjustments.

Extensive tuning required, particularly for the PI and PIR controllers to
ensure stable operation under varying conditions.

​ ​ ​
Performance under
Unbalanced
Conditions

Effectively balances arm capacitor voltages even under unbalanced power
distribution, maintaining system stability.

Capable of balancing arm capacitor voltages, but performance heavily
depends on accurate tuning, especially under unbalanced or fault
conditions.

​ ​ ​

Robustness and
Flexibility

High robustness and flexibility through the balancing of both arm and
phases simultaneously.

In [22] the arm capacitor voltage balancing was only tackled, when
unbalanced power distribution occurred between the arms. While, in
[24] the unbalanced power distribution between the phases was
investigated. The controller was not examined when arm and phase are
both unbalanced in terms of power.

​ ​ ​

Computational
Requirements

Lower computational requirements due to the simplicity of the control
method, fewer calculations, and the use of only one CPS-PWM. The
number of submodules (SMs) in the lower arm is determined by the
complement of the upper arm, which removes the need for a second CPS-
PWM. This reduces system computation burden and facilitates the
inherent generation of DC and fundamental components in the circulating
current during imbalanced power distribution.

Higher computational requirements due to the need to manage multiple
control loops.

Table 4
Performance Comparison of Direct and Indirect Modulation Methods.

Method Cases THD Variation (Before and After events) Circulating Current
Component

Output Voltage
Levels

Direct modulation Case 1 Slight decrease from 17.56 % to 17.40 % of phase-a voltage DC component

N + 1 levels

Case 2 Slight increase from 17.59 % to 17.67 % of phase-a voltage AC and DC components
Case 3 - (Before and After t = 0.5 s phase-a voltage): Slight increase from 17.40 % to 17.62 %

- (Before and After t = 0.5 s − phase-b voltage): Slight increase from 17.43 % to 17.44
%

DC component

- (Before and After t = 1 s phase-a): Slight decrease from 17.62 % to 17.60 %
- (Before and After t = 1 s phase-b): Slight decrease from 17.44 % to 17.38 % AC and DC components

​ ​ ​ ​ ​
Indirect

modulation
Case 1 Significant increase from 9.51 % to 22.31 % Non
Case 2 Significant increase from 8.99 % to 18.50 % Non
Case 3 - (Before and After t = 0.5 s phase-a voltage): Significant increase from 8.99 % to

23.90 %
- (Before and After t = 0.5 s − phase-b voltage): Significant increase from 8.96 % to

23.10 %

Non 2 N + 1 levels

- (Before and After t = 1 s phase-a): Slight decrease from 23.90 % to 22.80 %
- (Before and After t = 1 s phase-b): Slight increase from 23.10 % to 23.98 % Non

​
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compromise its efficiency. Consequently, direct modulation emerges as
a more effective strategy for ensuring the seamless operation of an MMC-
based multiterminal hybrid microgrid, particularly in scenarios char-
acterized by imbalanced power distribution.

Notably, this study is the first to demonstrate the effectiveness of
direct modulation in applications beyond HVDC, where power sources
and loads are connected directly to the MMC’s submodules. By show-
casing that direct modulation can inherently address and rectify arm
capacitor voltage imbalances without additional controllers, our work
fills a significant gap in the literature, which provides a new perspective
on optimizing MMC technology for complex microgrid structures.

Furthermore, future research will consider the implications of
diverse types of loads and distributed generation resources to further
examine the reliability of the direct modulation method and its effec-
tiveness for the arm capacitor voltage balancing. This will provide
effective solutions for successful usage of MMCs within multi-terminal
hybrid microgrid.
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