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Abstract: Modular multilevel converters have emerged as a common solution in high-
voltage and medium-voltage applications due to their scalability and modularity. However,
these advantages come at the cost of increased control complexity, particularly when
compared to other multilevel converter topologies. This paper proposes a new combined
control strategy based on virtual synchronous generator (VSG) control and capacitor
voltage balancing (CVB) method. The VSG control is applied for power sharing and inertia
emulation to increase the dynamic response and improve system stability while the CVB
method is used to redistribute the energy stored in the capacitors of the submodules (SMs)
in order to ensure uniform voltage levels and equalize the voltage across the capacitors.
The simulation results as well as experimental ones confirm the feasibility and effectiveness
of the proposed method, enhancing the performance of the energy conversion system.

Keywords: capacitor voltage balancing; modular multilevel converter; grid-connected
MMC; virtual synchronous generator

1. Introduction
The field of integrating renewable energy sources into the electricity grid presents

both significant challenges and opportunities. The challenges include the need to ensure
the efficient integration of renewable energy while maintaining the stability and reliability
of the electricity grid [1,2]. Fluctuations in renewable energy generation can lead to rapid
variations in the power injected into the grid, requiring advanced control strategies to
ensure effective regulation [3].

Modular multilevel converters (MMCs) play a key role in the integration of renewable
energies, offering an optimal solution for connecting these resources to the power grid [4–6].
Their modular and scalable structure enables energy to be converted efficiently while
improving grid stability [7,8]. The present study focuses on medium-voltage applications
in a grid-connected system, where the MMC serves as a critical interface connecting
renewable energy sources to the power grid, facilitating efficient energy transfer and
integration, using an additional converter (chopper or rectifier). In this configuration,
renewable energy sources are linked to the DC side, efficient energy conversion to AC for
seamless and stable grid integration. This approach tackles the challenges of variability
in renewable energy output while maintaining system stability and reliability. Notably,
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due to their excellent scalability, MMCs can also be specifically adapted and optimized
to meet the demands of high-voltage applications, such as high-voltage direct current
(HVDC) transmission systems [9,10]. However, this integration comes with challenges,
such as the need to achieve optimum performance in terms of power regulation, reducing
unwanted circulating currents, minimizing disturbances on the DC side, and balancing the
voltages of the SM capacitors. Studies highlight the importance of MMC energy control in
system dynamics during grid formation and tracking operations [11]. Furthermore, the
complexity of MMC topologies and the demand for efficient control strategies present
additional obstacles [5,12]. These challenges require innovative control approaches capable
of addressing the complexities of MMCs while optimizing their dynamic behavior.

The proposed combined control strategy, based on Virtual Synchronous Generator
(VSG) control and Capacitor Voltage Balancing (CVB), aims to overcome these shortcomings
by improving stability and performance [13,14]. This innovative approach attempts to
overcome the limitations and complexities identified in existing MMC control methods [15].

The VSG control focuses on power management and inertia imitation, which helps to
improve the dynamic response and overall stability of the system [16,17]. By successfully
managing power sharing, VSG enhances the MMC’s ability to respond dynamically to
power variations, ensuring optimal operation under a range of conditions [18,19].

The CVB method is a crucial element in maintaining uniform voltage levels and
equalizing voltages between capacitors within the SM in MMC. Notable for its sensorless
operation, the CVB uses estimation techniques, based on mathematical models, to derive
capacitor voltages [20]. This sensorless approach improves control efficiency by reducing
reliance on physical sensors, simplifying hardware complexity and potentially reducing
overall system costs.

In addition, the CVB method aims to strategically minimize the number of switching
events in the MMC, optimizing switching schemes to balance capacitor voltages with a
minimum number of events [21,22]. This reduction in switching events not only enhances
system reliability but also contributes to a reduction in switching losses, leading to an
overall improvement in energy efficiency [23]. To calculate the switching losses of the
converter, it is essential to obtain the energy losses at each turn-on and turn-off stage of the
insulated gate bipolar transistors (IGBTs) and freewheeling diodes (FWDs). Consequently,
reducing switching events has a direct impact on reducing switching losses [23].

The novelty of this paper lies in the proposed combined control strategy that integrates
VSG control with a simplified CVB method for grid-connected MMC systems. The paper
presents a comprehensive analysis of the effectiveness of the proposed control strategy,
comparing it with conventional approaches of decoupled PQ control, VSG control, and
combined CVB-PQ control. The results highlight the suitability of CVB-VSG for the control
of MMC-based grid-connected systems, highlighting its potential benefits in minimizing cir-
culating currents, reducing DC-side disturbances, balancing capacitor voltages, eliminating
the need for extensive sensor deployment, and reducing computational requirements.

The rest of the paper is organized as follows: Section 2 presents the modeling of the
MMC and its operating principle. The proposed control is presented in Section 3. The
simulation and experimental results are discussed in Section 4. Finally, conclusions are
drawn in the Section 5.

2. MMC Modeling and Operating Principle
Figure 1a shows the schematic diagram of the MMC. It consists of three identical

phases connected in parallel and powered by a DC voltage source. Each phase consists of
an upper and a lower arm, each arm combines N SMs in series with an inductor Larm.
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The most commonly used SMs are half-bridge SM and full-bridge SM [24,25]. The 
half-bridge SM uses two IGBT switches with two antiparallel diodes and a DC storage 
capacitor, and the full-bridge SM uses four IGBT switches with four antiparallel diodes 
and a capacitor. The half-bridge SM quickly became the dominant choice of converter to-
pology. This topology offers low switching losses, cost-effectiveness, and minimal AC dis-
tortion, all of which contribute to better energy efficiency. This is what motivated the 
choice of the half-bridge MMC in our work. The existing SMs in the arm are controlled so 
that the capacitor is inserted into the circuit or bypassed. The schematic diagrams of the 
half-bridge SM and full-bridge SM are shown in Figure 1b.

The basic control principle of MMCs is analyzed based on the dynamics of each con-
verter phase. Applying Kirchhoff’s voltage law on an arbitrary phase of Figure 1a gives:𝑖 ൌ ೞଶ  ଷ  𝑖 (1)

𝑖 ൌ − ೞଶ  ଷ  𝑖 (2)

−௩ଶ  𝑣  𝑅𝑖  𝐿 ௗௗ௧  𝐿் ௗೞௗ௧  𝑣 ൌ 0  (3)

 ௩ଶ − 𝑣 − 𝑅𝑖 − 𝐿 ௗௗ௧  𝐿் ௗೞௗ௧  𝑣 ൌ 0 (4)

where R and LT are the equivalent resistance in the loop and transformer leakage reac-
tance, respectively. ip and in are the upper and lower arm current, is is the phase current, 
idc is the current of the continuous bus, ic is the circulation current, vdc is the bus voltage, vp 
and vn are the upper and lower arm voltage, and vg is the grid voltage.

In an MMC, ic refers to the unwanted current that flows within the MMC’s phase 
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ered to the load or grid. It arises mainly due to voltage differences between the SM capac-
itors in the arms and the DC-link voltage. These differences occur naturally because of the 
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The most commonly used SMs are half-bridge SM and full-bridge SM [24,25]. The
half-bridge SM uses two IGBT switches with two antiparallel diodes and a DC storage
capacitor, and the full-bridge SM uses four IGBT switches with four antiparallel diodes and
a capacitor. The half-bridge SM quickly became the dominant choice of converter topology.
This topology offers low switching losses, cost-effectiveness, and minimal AC distortion,
all of which contribute to better energy efficiency. This is what motivated the choice of
the half-bridge MMC in our work. The existing SMs in the arm are controlled so that the
capacitor is inserted into the circuit or bypassed. The schematic diagrams of the half-bridge
SM and full-bridge SM are shown in Figure 1b.

The basic control principle of MMCs is analyzed based on the dynamics of each
converter phase. Applying Kirchhoff’s voltage law on an arbitrary phase of Figure 1a gives:

ip =
is
2
+

idc
3

+ ic (1)

in = − is
2
+

idc
3

+ ic (2)

−vdc
2

+ vp + Rip + Larm
dip

dt
+ LT

dis

dt
+ vg = 0 (3)

vdc
2

− vn − Rin − Larm
din

dt
+ LT

dis
dt

+ vg = 0 (4)

where R and LT are the equivalent resistance in the loop and transformer leakage reactance,
respectively. ip and in are the upper and lower arm current, is is the phase current, idc is the
current of the continuous bus, ic is the circulation current, vdc is the bus voltage, vp and vn

are the upper and lower arm voltage, and vg is the grid voltage.
In an MMC, ic refers to the unwanted current that flows within the MMC’s phase legs,

between the upper and lower arms, without contributing to the output power delivered to
the load or grid. It arises mainly due to voltage differences between the SM capacitors in the
arms and the DC-link voltage. These differences occur naturally because of the switching
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actions and the charging/discharging of capacitors as the MMC generates the desired AC
output waveform.

Adding (3) and (4) can obtain a dynamic equation for the output current:

Leq
dis

dt
= vs −

R
2

is − vg (5)

where:
vs =

vn−vp
2

is = ip − in

Leq = Larm
2 + LT

with vs is the inner EMF, which drives the converter phase current is, and Leq is the equiva-
lent reactance in the loop. From (5) we obtain:

dis
dt

=
1

Leq
vs −

R
2Leq

is −
1

Leq
vg (6)

3. The Proposed Control System
In order to improve the control performance of the MMC system, a novel control

strategy is introduced that combines the VSG control with the capacitor voltage balancing
CVB method. The VSG control is utilized to enhance dynamic response, improve system
stability, and facilitate power sharing and inertia emulation while the CVB method is
employed to redistribute the energy stored in the SMs capacitors, ensuring uniform voltage
levels and equalizing the voltage across the capacitors. The proposed control design for the
grid-connected MMC is shown in Figure 2.
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3.1. VSG-Based Control of Grid-Connected MMC

The VSG-based control is applied to emulate the behavior of a synchronous generator
in the grid-connected MMC system. It enables the MMC to provide inertial response and
frequency regulation similar to conventional synchronous generators. The VSG control
scheme is illustrated in Figure 3.

The aim of this control is to provide active and reactive power control, voltage regula-
tion, and frequency support similar to a synchronous generator. The VSG control introduces
frequency and voltage droop characteristics, which are typical features of synchronous
generators. By utilizing droop control, the MMC adjusts its output power based on changes
in grid frequency and voltage. This behavior provides inertia and stability support to the
grid [17,25].
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The mathematical model of the VSG is obtained from the second-order model of a
synchronous generator, the mechanical rotation equation of the rotor, and the voltage
equation of the stator [25–27].

J
dω

dt
=

Pm − Pe

ω
− D

(
ω − ωg

)
(7)

eabc = vabc − Riabc − L
diabc

dt
(8)

where Pm is the mechanical power; Pe is the electromagnetic power; J and D represent
the inertia and damping, respectively; w is the rotor angular frequency; wg is the actual
angular frequency of the grid; and eabc, vabc, and iabc are the excitation voltage, terminal
voltage, and stator current of the SG, respectively. R is the armature resistance and L is the
synchronous reactance.

The VSG droop control mathematical model for controlling frequency and voltage is
expressed as follows:

ωg = ωN + DP(PN − P) (9)

U = UN + Dq(QN − Q) (10)

where PN and QN are the rated active power and reactive power, respectively; P and Q
are the VSG active and reactive powers, respectively; DP is the P-ω droop coefficient;
Dq is the Q-U droop coefficient; UN is the rated voltage amplitude; and ωN is the rated
angular frequency.

The VSG control is designed to emulate the behavior of a synchronous genera-
tor. It relies on equations such as mechanical rotation (Equation (7)) and droop control
(Equations (9) and (10)) to determine the active and reactive power (P, Q). These measured
values, along with the reference values P* and Q*, are used to adjust the outputs θ* (the
phase angle reference) and E* (the voltage amplitude reference). The PWM modulator then
uses these outputs. The VSG control strategy allows for the emulation of key dynamic
characteristics typically exhibited by traditional synchronous generators, specifically their
inertial response and ability to regulate frequency, it ensures that the MMC can contribute to
stabilizing the grid, especially under conditions where renewable energy sources introduce
variability or disturbances.

In our VSG control scheme (illustrated in Figure 3), the measured active and reactive
power (P and Q) are compared to their respective reference values (P* and Q*), which are
defined based on the desired operating conditions or the nominal values of the system.
The differences between these measured and reference values are used in droop control
equations to generate frequency and voltage deviations, resulting in the outputs θ* and
E*. These outputs are then fed to the PWM modulator: θ* adjusts the synchronization and
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phase of the switching signals (thus controlling the active power by synchronizing the
converter with the grid frequency), while E* defines the amplitude of the synthesized AC
voltage (thus regulating the reactive power).

The VSG control employs a droop-based control strategy, where grid frequency vari-
ations (linked to active power) influence the phase angle, thereby adjusting the output
power. Conversely, the reactive power Q is controlled through the voltage magnitude E*.
The VSG adjusts the output voltage according to the reactive power demand, ensuring that
the system remains stable and responsive to changes in grid conditions.

3.2. Improved CVB Method

The capacitor voltage imbalance not only compromises the converter efficiency but
can also lead to reduced system reliability and increased maintenance costs [28]. Therefore,
the development of effective control strategies to mitigate and manage capacitor voltage
imbalances is a key issue in the design and operation of MMCs [29].

Several research efforts have been conducted to address this challenge, focusing on
various control strategies [30]. Previous works have explored traditional proportional-
integral (PI) controllers [31] and model predictive control [32–34]. Nevertheless, these
methods often depend on precise sensor feedback, which increases both the complexity
and the cost of the overall system, necessitating additional hardware and sophisticated
signal processing to ensure reliable performance [35].

To optimize capacitor voltage balancing algorithms, some researchers have proposed
several solutions, including reducing the computational load on the processor or a new
MMC topology that has the ability to self-balance the capacitor voltage. By using auxiliary
circuits and not requiring information about the voltage of each SM capacitor, voltage sensor
and processor computational loads are reduced. Reference [36] proposed a new MMC
topology with capacitor voltage self-balancing capabilities, relying on three voltage sensors
and eliminating the need for sorting algorithms. However, while this method reduces
control complexity, it needs auxiliary circuits and three voltage sensors. Reference [37]
proposed a new method for estimating the SM capacitor voltage using one voltage sensor
per arm and one current sensor at the converter output. The method is based on a Kirchhoff
voltage law and circuit relations governing the AAMC; however, it needs six voltage
sensors and three current sensors to realize the voltage balancing. A sensorless capacitor
voltage balancing technique was proposed in [38]; it uses a logical permutation sequence
for capacitor voltage balancing in a five-phase MMC. Nevertheless, this strategy does not
target a simple three-phase MMC configuration with less control complexity. Using a
reduced number of voltage sensors and an estimation technique, reference [39] proposed
an approach for monitoring the condition of SM capacitors in MMCs. Nonetheless, one
voltage sensor is required for each set of SMs in each arm. Reference [40] proposed a
method for estimating the voltages of SM capacitors in an MMC using a Kalman filter with
one voltage sensor per arm. The computational complexity of this method is relatively high,
requiring significant processing power and real-time resources, which can increase the
overall cost and latency of the control system. A technique for balancing capacitor voltages
was proposed in [41], using an algorithm for sorting the measured capacitor voltages and
selecting the SMs to insert according to the current direction. However, a voltage sensor is
required for each SM in each arm.

The above methods reduce the number of sensors to varying degrees, but our proposed
CVB method is unique in that it eliminates the need for external sensors, relying on
estimation techniques based on mathematical models to predict capacitor voltages [20].
This approach not only simplifies the system architecture by eliminating the need for
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additional physical components but also enhances cost efficiency and reduces potential
points of failure, relying solely on the robustness of algorithmic computations.

By eliminating the influence of measurement noise, this technique offers significantly
better accuracy than the above methods, as well as improved responsiveness to rapid load
variations. This is because it optimizes the insertion of SMs via dynamic current-based
classification, which limits unnecessary switching and reduces the associated losses.

Thanks to its high adaptability, which allows model parameters to be modified without
hardware intervention, this approach not only improves efficiency and simplifies control
but also reduces system costs while guaranteeing robust performance under a range of
operating conditions. It is therefore a promising solution for improving the reliability and
efficiency of MMCs.

This control method relies on controlling the charging and discharging of the SM
capacitors based on the direction of the arm current and the instantaneous capacitor voltage
using a logic function-based algorithm [21,22,27], as shown in Figure 4.
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The proposed CVB method offers several advantages, such as scalability and straight-
forward programming. It eliminates the need for a PI controller to set capacitor voltages
and instead utilizes an algorithm based on simple logic comparisons.

In order to implement this CBV method, the capacitor voltages of the SMs in each arm
are estimated using the dynamic equation of the SM capacitor voltage:

icxyn = C
dVcyn

dt
(11)

where icxyn and Vcyn represent the SM current and SM capacitor voltage, respectively, with
x representing the phase (x = a, b, c) and y representing the arm (y = p, n).

Using Euler approximation and assuming a sampling period of Ts, the predicted SM
capacitor voltages at discrete time are derived from (12):

Vcyn(t + Ts) = Vcyn(t) + ixy
Ts

C
(12)
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where ixy is the upper or lower arm current.
The estimated SM capacitor voltages are introduced into the comparison logic, which

compares each capacitor voltage to obtain an index number Ih. The highest index number
corresponds to the lowest capacitor voltage and vice versa. The arm current direction d is
then determined.

The SMs are then sorted in ascending or descending order of SM index numbers
according to the direction of the arm current using (13), which presents the actual index
number Ah:

Ah = Ih × d + (N − 1 − Ih)× (1 − d) (13)

The SMs with the lowest capacitor voltage are inserted for the positive current direction
and are charged. Similarly, the SMs with the highest capacitor voltage are inserted for the
negative current direction and are discharged.

The required number of inserted SMs Gxy is obtained from the output vector gen-
eration command VSG. The insertion and bypass (short-circuit) states Mxyh for each
SM are generated by comparing the actual index number Ah with the reference index
number (N- Gxy).

Finally, the calculation optimization is performed by comparing the inserted SMs Gxy

current number with the inserted SMs G p
xy previous number. If the voltage levels are

different, the algorithm applies the new control signals (i.e., Sxyh = Mxyh). Otherwise, the
algorithm maintains the previous switching state (i.e., Sxyh = M p

xyh).

4. Discussion
4.1. Simulation Results

First, numerical simulations are conducted in MATLAB/Simulink (R2021b) environ-
ment in order to evaluate the effectiveness of the proposed VSG-based control with the
improved CVB method. The obtained results are also compared to the conventional PQ de-
coupled control with the CVB method. All simulations are performed using the parameters
listed in Table 1.

Table 1. Electrical power system parameters.

Parameters Simulation Experimental

DC voltage (VDC) 400 V 100 V
AC voltage (VAC) 155 V 30 V

AC frequency 50 Hz 50 Hz
Power active 6–7.5–9 Kw 100–120 W

Number of SMs per arm 2 2
Capacitor value for a SM 50 mF 3.3 mF

Arm inductance/arm resistor 1 mH/0.5 Ω 10 mH/0.5 Ω
Phase inductor/phase resistor 20 mH/0.5 Ω 20 mH/0.5 Ω

Figure 5 presents the simulation results of two control strategies applied to the MMC,
namely CVB-PQ control and CVB-VSG control.

The waveforms of current and voltage in the steady-state operation of the MMC and
the grid are shown in Figures 5a and 5b, respectively. The estimated capacitor voltages
of phase A SMs are illustrated in Figures 5c and 5d for CVB-PQ control and CVB-VSG
control, respectively.

When there is a change in injected power to the grid, the capacitor voltages of the
SMs deviate to adjust to an equilibrium state, as demonstrated by Figure 5e. The voltage
fluctuations of SMs in the same arm are identical and complementary between the upper
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and lower arms. The voltage fluctuation range of the SMs is 198.2 V to 198.35 V for
CVB-VSG control and 195 V to 195.4 V for CVB-PQ control.
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The circulating currents of both CVB-PQ control and CVB-VSG control are presented
in Figure 5f.

The fluctuation of the circulating current is −3.4 A to 3.4 A for CVB-PQ control and
−1.2 A to 1.1 A for CVB-VSG control. Furthermore, as shown in Figure 5g,h, the DC current
is more stable in the case of CVB-VSG control compared to CVB-PQ control. It is observed
that the fluctuations in the DC current for CVB-VSG control are smaller (10 A to 20 A)
compared to CVB-PQ control (from −2 A to 26 A).

Figure 5i clearly demonstrates that the active and reactive powers follow the power
references. However, an important observation is that the response time of CVB-VSG
control is significantly shorter than that of CVB-PQ control during a power reference change.

Regarding the total harmonic distortion (THD) of the alternating currents, it is low in
the case of CVB-VSG control compared to CVB-PQ control, as highlighted in Figure 6.

Table 2 presents the results in numerical form of the relevant measures and indicators
used to evaluate the performance of the CVB-VSG and CVB-PQ control methods. This
enables a precise analysis and a better understanding of the performance of the two
control methods. It becomes easier to identify the advantages and disadvantages of each
control method.

Table 2. Performance evaluation results of CVB-PQ and CVB-VSG.

Control THD ∆Idc ∆Icirc ∆Vc Vcref–Vcestm

CVB-PQ 0.45% 28 A 6.8 A 0.4 V 4.8 V
CVB-VSG 0.17% 10 A 2.3 A 0.15 V 1.7 V
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The simulation study aims to investigate the significance of the proposed CVB method
and its impact on the performance of the MMC. The study presents the operation of the
MMC with the CVB method, depicted in Figure 3, while the operation without the CVB
method is illustrated in [19].

The proposed CVB method ensures that the SM capacitor voltages remain at their
nominal values. In contrast, in [23], the MMC is controlled using VSG and PQ controls
without the CVB. Under this control mode, the SM capacitor voltages deviate from their
nominal values, either increasing or decreasing depending on their respective duty cycles.

The CVB method enhances the output voltage waveform of the MMC, reducing
the THD and constraining the fluctuations in the SM capacitor voltages and DC current.
Consequently, it effectively prevents issues related to excessive charging or discharging of
the SM capacitors. Furthermore, as the fluctuations in the SM capacitor voltages diminish,
the circulating current also decreases. These findings unequivocally demonstrate the
efficacy of the proposed voltage-balancing algorithm for the MMC.

4.2. Experimental Results

To verify the proposed control strategy, a low-power experimental prototype of a three-
phase MMC was developed, as demonstrated in Figure 7. The experimental parameters
are listed in Table 1. The MMC is controlled using the “µ-tech” research and development
control platform. The experimental results of the PQ, VSG, CVB-PQ, and CVB-VSG control
strategies applied to the MMC are shown in Figures 8 and 9, with a change in the active
power injected into the grid from 80 W to 120 W at time t = 60 s.
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Figures 8a and 9a depict the steady-state waveforms of the MMC output voltage. It
is evident that the waveform exhibits improved characteristics when utilizing the CVB-
PQ and CVB-VSG control strategies (Figure 9a), where five balanced and stable levels
are observed. In contrast, the PQ and VSG strategies (Figure 8a) result in unstable and
unbalanced voltage levels, leading to the disappearance of internal levels.

Figures 8b and 9b illustrate the steady-state currents and voltages of the grid. The
voltage waveform appears sinusoidal, while the current ranges from 1.5 A to 1.8 A, cor-
responding to variations in the power reference. Comparing the CVB-PQ and CVB-VSG
control strategies (Figure 9b) with the PQ and VSG strategies (Figure 8b), it is evident that
the former exhibit improved current waveforms with fewer fluctuations.

The voltages of the SM capacitors in phase B are presented in Figures 8c and 9c for
the PQ and VSG control strategies, as well as the CVB-PQ and CVB-VSG control strategies,
respectively. The voltages of the SM capacitors are paired and stable (1 and 3, 2 and 4),
but they differ from the reference voltage Vdc/N, which is equal to 50 V. When there is a
change in injected active power, the voltages of the SM capacitors become unbalanced and
deviate towards either Vdc = 100 V or 0 V for the PQ and VSG control (see Figure 8c).

Without the implementation of the CVB method, the voltages across the SM capacitors
are subject to substantial deviations, potentially compromising the stability and efficiency
of the system. The capacitors within the SMs are engineered to handle defined active
power thresholds, which are established based on the broader system architecture and the
rated capacity of the MMC. Nevertheless, the observed voltage deviations stem not from
inadequate capacitor sizing but from the suboptimal selection of which SMs are actively
engaged or bypassed during operation. For the same capacitor, more capacitance would
indeed reduce voltage deviations by lowering ripple (∆V = I ∆t/C), but this comes at the
cost of size, expense, slower dynamics, and potential inefficiency. The system may require
more time to charge and discharge the capacitors during rapid power demand variations.

However, for the CVB-PQ and CVB-VSG control (see Figure 9c), the voltages of the
SM capacitors remain stable, balanced, and equal to the reference voltage. The fluctuation
range of the SM voltages is between 48 V and 51 V for the CVB-VSG control and between
44 V and 51 V for the CVB-PQ control.

The circulating currents of the PQ, VSG, CVB-PQ, and CVB-VSG controls are illus-
trated in Figures 8d and 9d, respectively. The circulating current is minimal, with lower
fluctuations with the use of CVB-PQ and CVB-VSG controls (1.6 A and 1.4 A) compared to
the PQ and VSG controls (3.6 A and 3.4 A), respectively.

Figures 8e and 9e depict the DC current for the PQ, VSG, CVB-PQ, and CVB-VSG
controls, respectively. The DC current is more stable and exhibits lower fluctuations (1 A
and 0.9 A) in the CVB-PQ and CVB-VSG controls compared to the PQ and VSG controls
(fluctuations of 1.6 A and 1.4 A), respectively.

Figures 8f and 9f clearly show that the active and reactive powers follow the power
references (ranging from 80 W to 120 W for active power and 0 VAR for reactive power) for
the PQ, VSG, CVB-PQ, and CVB-VSG control strategies, respectively. A slight disturbance
in active power (P = 120 W) is observed for the PQ and VSG control, whereas the CVB-PQ
and CVB-VSG control exhibit greater stability.

We clarify that Figures 8a and 9a show the raw oscilloscope recordings of the voltages,
captured directly using a Tektronix oscilloscope, thereby illustrating the real-time measured
signals during the experimental tests. In contrast, Figures 8b–f and 9b–f present post-
processed experimental data: the signals were captured using a data acquisition system
and subsequently processed and evaluated within MATLAB. This analysis enabled the
extraction and emphasis of critical parameters (including circulating current, DC voltage,
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active power, reactive power, and others) while effectively removing unwanted noise to
ensure the clarity and accuracy of the results.

The numerical data in Table 3, obtained from practical validations, serve as a robust
foundation for the evaluation and comparison of the PQ, VSG, CVB-PQ, and CVB-VSG
control methods. These practical validations offer real-world insights into the performance
of each method, allowing for a comprehensive analysis of their effectiveness.

Table 3. Numerical data from practical validations for PQ, VSG, PQ-CVB, and VSG-CVB control.

Control ∆Idc ∆Icirc ∆Vc Vcref–Vcestm

PQ 1.6 A 3.6 A 12 V 100 V
VSG 1.4 A 3.4 A 9 V 100 V

CVB-PQ 1 A 1.6 A 1.5 V 7 V
CVB-VSG 0.9 A 1.4 A 1.5 V 3 V

Based on the simulation and experimental results, SM capacitor voltage-balancing
techniques like CVB provide an effective solution to enhance the stability and performance
of MMC systems. The CVB-VSG control, in particular, offers several potential advantages,
including simplicity, reliability, fast response, and the ability to adapt to dynamic vari-
ations. These advantages highlight the potential benefits of using CVB-VSG control for
MMC systems.

5. Conclusions
A novel combined VSG control with a simplified CVB method has been presented

for grid-connected MMC systems control. The proposed control structure integrates
VSG for power sharing and inertia emulation, resulting in improved dynamic response,
system stability, and a simplified CVB method for estimating and balancing the SM
capacitor voltages.

Simulations and experimental tests were conducted to validate the effectiveness of
the proposed control strategy, comparing it with the conventional PQ decoupled control
approach. The results highlight the suitability of CVB-VSG for controlling MMC-based grid-
connected systems. Additionally, the proposed control technique minimizes circulating
current, reduces DC-side disturbances, eliminates the need for extensive sensor deployment,
and reduces computational requirements.
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