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Abstract—Modular multilevel converters are increasingly gain-
ing popularity in various high-voltage and high-power applications.
However, their operation poses some technical challenges in imple-
menting the control system, including issues, such as balancing sub-
module capacitor voltages and mitigating circulating currents. The
presence of circulating currents leads to additional power losses,
increases thermal stress on the power devices, and shortens their
lifetime. This article introduces an innovative control technique to
eliminate circulating currents by injecting a low-frequency alter-
nating signal into a single submodule of each converter arm. The
proposed method not only addresses circulating current mitigation
but is also able to reduce capacitor voltage ripple and peak arm
current, thereby enhancing the overall converter’s lifespan and ef-
ficiency. Results of experimental tests on a seven-level converter are
presented to prove the effectiveness of the proposed technique and
compare its performance with existing state-of-the-art approaches.

Index Terms—Circulating current, efficiency, modular multi-
level converter, signal injection, voltage ripple.

I. INTRODUCTION

THE modular multilevel converter (MMC) is recognized as
a promising candidate for many high- and medium-voltage

applications due to its numerous features, such as improved
output waveform quality, modularity, and scalability to different
voltage and power levels, fault-tolerant operation, etc. [1], [2].
The MMC can have many variants based on the type of the
submodule, such as half-bridge (HB), full-bridge, or version of
FBSM called unidirectional-current FBSM (UC-FBSM), which
is utilized in many MVDC applications [3]. The MMC operation,
however, poses technical challenges due to its structure, which
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Fig. 1. Classification of circulating current control methods.

consists of two arms per phase and a single dc port. These
challenges include submodule capacitor voltage balancing and
circulating current regulation, two phenomena that are closely
related [4]. Although the circulating current is part of the con-
verter’s internal dynamics and has no influence on the output
voltages and currents, it produces increased capacitor voltage
ripple in the submodules as well as extra power losses both in
the power devices and in the arm inductors [1].

In recent years, several studies have been carried out on the
mitigation of circulating currents in the MMC, which can be
broadly distinguished into direct and indirect techniques accord-
ing to the selected approach, as shown in Fig. 1. Direct methods
are the most widespread and used in many industrial and research
fields. These techniques aim at reducing the circulating current
through a dedicated feedback loop developed either in the α-
β stationary reference frame employing proportional–resonant
(PR) regulators [5], [6], [7] or in the synchronous reference
frame d-q with proportional–integral (PI) controllers [8], [9]. A
repetitive control algorithm has also been proposed in [10] and
[11] to suppress the circulating current and its harmonic com-
ponents. Although these control techniques have been proven
to be very effective in reducing the circulating currents, they
present the major drawback of only ensuring good tracking and
disturbance rejection capabilities at the design frequency [11].
In Li et al.’s [5] work, a dedicated resonant controller is required
for each harmonic component of the circulating current being
compensated and an additional control loop must be included
for capacitor voltage balancing purposes. However, among the
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direct techniques, PR controllers perform well in a stationary
α-β framework, allowing effective management of circulating
current even when the grid is unbalanced. Unlike PI controllers
in the d-q synchronous system, which require a more complex
configuration under unbalanced conditions, PR-based structures
simplify control because a dual scheme is not required to handle
positive and negative sequences [6]. Furthermore, the introduc-
tion of coordinate transformations increases control complexity,
particularly in the case of unbalanced operations [12]. Such
rotating references are difficult to obtain for single-phase sys-
tems and require modifications for the unbalanced conditions of
three-phase systems.

On the other hand, indirect methods balance the submodule
capacitor voltages by acting on the total energy stored of the
two converter arms as the primary control channel; as a result,
the circulating current is reduced as a secondary effect [13],
[14], [15]. Among the indirect control methods, nonlinear tech-
niques such as model predictive control can also be classified,
where through accurate dynamic modeling of the converter,
different control targets can be pursued at the same time [16],
[17], [18]. However, indirect methods tend to be less effective
than direct techniques in reducing the circulating current [19],
being the model accuracy crucial to these approaches, which
are also sensitive to changes in parameters and disturbances in
the system. Moreover, the large number of control objectives
in the MMC internal dynamics makes it difficult to develop
efficient predictive algorithms since cost function tuning and
its weighting coefficients may be complex to select.

Circulating current control methods based on an injection
signal have been recently proposed and investigated in the
literature. This family of control approaches uses a purposely
designed circulating current waveform to minimize both the rms
of circulating current and the voltage ripple of the submodules of
the MMC [20], [21], [22], [23], [24]. Picas et al. [20] presented an
offline algorithm to compute two distinct optimized circulating
current signals; one consisting solely of the second harmonic
component, while the other also included the fourth harmonic
component. A signal related to the optimal circulating current is
then injected into the reference voltages of the output current
controller to suppress specific harmonics in the submodule
capacitor voltage ripple. However, an extensive lookup table
including the amplitude and phase of the current as a function
of the modulation index is required to generate the injection
signal calculated with an offline genetic algorithm optimization.
The algorithm considers all possible operating conditions of the
converter and requires a long time to complete the minimization.
A second drawback is that solutions found for high values of the
modulation index tend to operate the submodules in the over-
modulation region. While the achieved capacitor voltage ripple
minimization can be beneficial, overmodulation requires careful
consideration of both implementation and stability aspects. In
Pou et al.’s [21] work, minimizing the submodule capacitor volt-
age ripple is the primary target to control the second-harmonic
component of the circulating current. However, the circulating
current is not suppressed and the increased thermal stress that
the injection of the optimized circulating current may cause in
the converter is not discussed. A closed-loop control technique
based on the injection of second-order circulating current is

presented in Wang et al.’s [22] work and uses real-time measures
of the phase currents, the phase angle of the output voltages, and
the instantaneous values of the modulating signals to calculate
circulating current injection signals aimed at pursuing different
performance targets. The authors introduce an analytical model
to understand the impact of the injection on both submodule
capacitor voltage ripple and rms arm current and use it to select
the better injection ratio. In this way, the authors avoid using
extensive lookup tables, and the circulating current closed-loop
control is implemented using a conventional PR controller.
However, no analysis was conducted on the sensitivity of the
proposed analytical model to parametric variations.

A detailed investigation of the effects of the injection of
second-order harmonic components of the circulating current
in the modulating signals of an MMC has been carried out in
Li et al.’s [23] work. The authors provide guidelines on how
circulating current control can affect the performance of the
MMC, deriving useful analytical expressions to identify the
optimal amplitude and phase angle of the injected signal to
pursue different control objectives. A feedforward method is
implemented in Wang et al.’s [24] work to reduce the second-
order harmonic component of the circulating current by injecting
the second harmonic voltage into the reference signals, using in-
stantaneous measurement of both the output and the dc currents.
The method employs an analytical model based on the harmonic
components of the arm current initially introduced in Ilves
et al.’s [25] work. However, the proposed analytical approach
has been implemented neither in simulation nor experimentally.
Results are obtained with an approximated analytical model
assuming only the second harmonic component in the circulating
current.

In this work, a single-cell-based injection (SCBI) method is
presented that employs only a single submodule per arm as a
compensator for the harmonic components of the circulating
current, aiming to achieve precise mitigation of the circulating
current and reduction of the submodule voltage ripple with a
simple but effective feedforward control action. Compared to
other methods proposed in the literature, the novel contribution
of this injection technique is to leverage the direct measurements
of the two arm currents to obtain the instantaneous value of the
circulating current and inject all the low-frequency harmonics
of the circulating current, being limited only by the bandwidth
of the current sensors, avoiding inaccuracies due to the es-
timation process, frequency fluctuations, and with a minimal
impact on the converter operation in terms of power losses.
The information and measurements of the arm currents of the
MMC are generally available and accessible in the converter for
the implementation of capacitor voltage balancing strategies;
therefore the proposed circulating current reduction method
does not require additional sensors. In addition, the proposed
technique is a simple real-time strategy that does not rely on
lookup tables or coordinate transformations, achieving improved
performance with a lower implementation burden compared to
existing techniques. Furthermore, if the submodule in charge
of injection should fail, potentially compromising the fault-
tolerance capability of the converter, this eventuality is easily
resolved in the proposed technique due to its inherently simple
implementation via a feedforward action. Indeed, this type of
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Fig. 2. Generic phase x of the MMC, including the schematic of the
submodule.

control can be easily transferred to any remaining submodules
without any change in performance.

This article provides a deeper insight into the proposed tech-
nique first discussed in D’Amato et al.’s [26] work by presenting
both more details on the theoretical aspects and the results of
an exhaustive campaign of simulation and experimental tests
proving that the SCBI strategy greatly reduces both the circu-
lating current and the ripple of submodule capacitor voltages.
In order to provide objective evidence of the effectiveness and
performance improvement of the proposed solution, the SCBI
approach was evaluated and compared in simulation with three
other different controls, one for each family (direct, indirect, and
injection methods), to develop a more complete and comprehen-
sive comparison with the technique. In addition, the circulating
current PR control [6] was implemented to compare the proposed
technique through laboratory experimental tests conducted un-
der the same operating conditions. The rest of this article is
organized as follows. Section II presents the main equations
describing the circulating current flowing in the MMC arms.
Section III introduces the proposed injection method, whereas
its effects on the performance of the MMC are described in
Section IV. Section V describes the results of simulations per-
formed under different operating conditions for all implemented
techniques. Experimental tests are carried out in Section VI to
assess the performance of the proposed method in comparison
with the conventional PR-based control. Finally, Section VII
concludes this article.

II. CIRCULATING CURRENT

The generic phase-leg circuit of an MMC is depicted in
Fig. 2, in which each arm consists of N HB submodules in
series with the arm inductor Larm. To simplify the analytical
treatment, the generic phase x of the converter is considered,

but all equations are extendable to the three-phase case. The
output and circulating currents can be expressed as a function
of the upper and lower arm currents, namely ixu and ixl (with
x = a, b, c), as shown in the following:

ixi = ixu − ixl (1)

ixz =
ixu + ixl

2
= idc

xz + iac
xz. (2)

The circulating current mainly consists of a dc component and
an ac component, as shown in (2). The dc part, idc

xz , is responsible
for the active power flow through the converter and is equal to
one-third of the dc-side current in a three-phase MMC during
balanced operation. Indeed, for low rms values of the ac com-
ponent of the circulating current ixz , the dc component can be
expressed as the sum of the arm currents divided by two [25],
as shown in the following:

idc
xz =

1

2
· (ixu + ixl). (3)

The ac component, iac
xz , on the other hand, is due to the interaction

of the arm voltages and currents and does not contribute to
the active power flow [24]. It can be expressed in terms of
its harmonic components, each with amplitude Ixz,n and phase
angle θxz,n where n indicates the harmonic order

iac
xz =

∞∑
n=1

Ixz,n sin(nωt+ θxz,n). (4)

Indeed, the ac part of the circulating current is generated from
the phase ripple voltage Δvx,n calculated as the sum of each
arm voltage ripple [4], thus the nth harmonic component in this
circulating current can be also expressed as follows:

iac
xz,n =

Δvx,n
jnω2Larm

. (5)

The denominator of (5) is the arm reactance at the corresponding
harmonic frequency.

III. SCBI METHOD

The proposed injection technique aims at suppressing the ac
component of the circulating current calculated in (4). To this
purpose, an ac signal directly proportional to the ac component
of the circulating current is injected into the reference voltage
of a single submodule per arm that acts as a compensator for
the total circulating current. All the other submodules in the arm
continue to operate normally, generating the voltage levels re-
quired for the converter operation. The main idea is to implement
a simple and low-computational-cost method for suppressing the
circulating current, considering all low-frequency harmonics of
the circulating current in the injected signal. The SCBI method
not only mitigates the circulating current but also reduces the
voltage ripple across all submodule capacitors of the MMC
and the rms value of the arm currents. As a result, it leads
to improved performance in contrast to the conventional PR
circulating control. Moreover, the SCBI approach minimizes
losses and improves the overall converter performance without
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Fig. 3. Simplified block diagram of the proposed circulating current suppression injection scheme.

requiring to oversize the compensating submodule or to derate
the converter operation, as shown in the following sections.

A. Control Structure

The block diagram of the proposed SCBI technique is de-
picted in Fig. 3. The injection signal is implemented in the form
of a feedforward control action and is added to the modulating
signal of one submodule per arm, which in turn is calculated by
the output current control loop. The circulating current signal
ixz is derived from the measured instantaneous values of the
arm currents using (2). The dc component of the circulating
current is related to the active power flow through the converter;
therefore, idc

xz can be estimated as one-third of the dc-bus current
idc, which in turn is calculated through the instantaneous power
balance between the ac and dc side of the converter, assuming
negligible losses [27]

idc =

∑
px

Vdc
=

∑
v∗xiixi
Vdc

(6)

where px is the instantaneous power and v∗xi is the reference
voltage of phase x. A signal proportional to iac

xz is then added to
the modulating signal of the compensating submodule, which
then drives the devices to generate a current with an opposite
sign than the actual circulating current. A proportional gain K
is introduced to regulate the amplitude of the injected signal.
The proposed solution avoids the need for a dedicated controller
for each frequency component of ixz to be canceled, as in con-
ventional PR approaches, therefore reducing system complexity
and improving suppression accuracy. Furthermore, the number
of compensated harmonic components is only limited by the
bandwidth of the current sensors and the sampling time of the
digital control system.

B. Definition of Gain K

The definition of the proportional gain K comes from the
analysis of the mathematical model of the circulating current

derived by applying the KVL on the MMC phase-leg circuit of
Fig. 2

2Larm
dixz
dt

= Vdc − (vxu + vxl) (7)

where vxu and vxl are the upper and lower arm voltages, respec-
tively. By substituting ixz with (2), it is possible to rewrite (7)
as

2Larm

(
diac

xz

dt
+

didc
xz

dt

)
= Vdc − (vxu + vxl). (8)

Being idc
xz constant at steady state, its derivative is zero, and (8)

can simplified as

2Larm
diac

xz

dt
= Vdc − (vxu + vxl) = vxz (9)

where vxz represents the voltage that is responsible for the ac
part of the circulating current and consists of several harmonic
components. This voltage is calculated as the product of current
harmonics and the arm’s reactance at the corresponding fre-
quency. Therefore the injected voltage v∗xz can thus be expressed
as

v∗xz = K · iac
xz =

∞∑
n=1

[nωLarmIxz,nsin(nωt+ θxz,n)]. (10)

Based on (10), it is possible to define the gain K as related to
the overall harmonic impedance of the arm. The proportional
gain K is determined through the following analytical model
by assuming that the second-order harmonic component of iac

xz

is assumed to be dominant and the other harmonics are low
enough, the value of K can be calculated as the module of the
arm impedance at the frequency 2ω as

K =
√

(2ω · 2Larm)2 + 4R2
arm. (11)

In the next section, the value of gain K is verified through
simulations by evaluating the effects of the proposed injection
technique on the overall performance of the converter.
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Fig. 4. Effect of the gain K on converter performance at different power levels. (a) Circulating current. (b) Capacitor voltage ripple. (c) Rms. (d) Peak values of
the arm current.

TABLE I
MMC PARAMETERS

IV. EFFECTS OF SCBI ON MMC PERFORMANCE

The effects of the proposed SCBI method and the propor-
tional gain K on the MMC performance are analyzed through
simulation for different power levels ranging from 0.25 to 1.5
per unit. The parameters employed in the model are listed in
Table I. The design of the arm inductor of the MMC has been
performed by examining the work [25]. Fig. 4(a)–(d) compares
the peak-to-peak amplitude of the ac part of the circulating
current, the capacitor voltage ripple, the rms value, and the
peak value of the upper arm current as a function of K at
different power levels with the SCBI technique.The circulating
current decreases as K increases up to 0.09, where it reaches a
minimum value. Capacitor voltage ripple, rms arm current, and
its peak value present a similar trend. The arm currents contain
all the harmonic components of the circulating current so that
an increase in K will also lead to a reduction in the current rms,
thus decreasing the conduction losses of the MMC. However, for
greater values of the gain K, an increase in circulating current
occurs, which results in an overall increase of rms and peak
values of the arm currents.

To analyze the effects that the SCBI method has on the reduc-
tion of the circulating current, several simulations are carried
out using a simplified injection signal consisting of only the
second-order harmonic of the circulating current expressed in
(12), in which the phase angle β and the injection signal gain K
are varied

v∗xz = K · Ixz(sin(2ωt+ β)). (12)

Fig. 5. Amplitude of the second harmonic of the circulating current Ixz,2 as
a function of K and β when the SCBI method is applied. The dotted line refers
to the case without control applied.

Fig. 5 shows the amplitude of the second harmonic component of
the circulating current as a function of β and K. The variation of
the angle β significantly influences the amplitude of the circulat-
ing current. In particular, iac

xz decreases as the β phase increases,
reaching the minimum when β = 180◦. For higher values of
β, the circulating current increases progressively. Furthermore,
for β = 180◦, the amplitude of the circulating current decreases
as the value of K increases from 0 to 0.09. For β = 180◦ and
K = 0.09, the minimum amplitude of the circulating current
is achieved at 0.03 p.u. However, by further increasing K over
0.09, iac

xz starts to increase again until, for K = 0.18, it reaches
the same amplitude it had for K = 0, when the injected signal
is zero, but with opposite phase, i.e., the circulating current
has been reversed. This reverse circulating current condition is
harmful to the converter because it produces additional losses
and distortion on the capacitor strains, eventually leading to
instability of the converter control.

V. SIMULATION RESULTS

Several simulations have been conducted to evaluate and
compare the performance of the proposed technique under vari-
ous operating conditions for different power levels, unbalanced
conditions, with different load variations, and power factor
variations. All displayed results reflect the best tuning that could
be achieved for all examined control strategies. The proposed
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Fig. 6. Simulation results for different control techniques: SCBI, direct
method, injection method, and indirect method. A fault occurs on phase A at
t1 = 0.3.

technique has been compared with three different control meth-
ods from each group, such as direct methods, indirect methods,
and injection methods. To compare the performance of the
proposed SCBI methods the direct methods based on the PR
control described in Li et al.’s [6] work have been implemented,
where the circulating current control strategy is designed based
on nonideal PR controllers in a α-β steady-state framework.
For the indirect technique, the energy control initially proposed
in [14] has been selected, which estimates the total energy in the
MMC. This approach calculates and controls the total energy
stored in each arm of the converter to generate the arm voltage
reference, which is then used to drive the semiconductor devices.
The injection-based technique, the method proposed in Wang
et al.’s [22] work has been used, a closed-loop technique that
utilizes second-order circulating current injection. This tech-
nique uses real-time measurements of phase currents, the phase
angle of output voltages, and instantaneous values of modulation
signals to calculate the circulating current injection signals.

To simulate an unbalanced grid condition, a fault on phase
A has been applied at t = 0.3 s, as shown in Fig. 6. Even
under these unbalanced conditions, all techniques demonstrate
the ability to reduce circulating current, but with different accu-
racy. In contrast, the proposed method achieves a significantly
greater reduction compared to the other techniques, thanks to
its feedforward approach, which does not rely on coordinate
transformations. Several simulations at varying power levels

TABLE II
COMPARISON BETWEEN DIFFERENT CONTROL METHODS

have been performed to test all techniques under different oper-
ating conditions. Fig. 7 shows the trends in electrical quantities,
including output voltages, output currents, circulating currents,
and submodule capacitor voltages. All techniques reduce the
MMC’s circulating current. Subsequently, all techniques have
been simulated using an MMC model with a passive load, where
resistance load variations of 30, 10, and 40 Ω have been intro-
duced. With changing loads, all techniques experience a certain
amount of performance degradation in terms of circulating cur-
rent reduction. The proposed technique is less affected by the
varying load conditions since it keeps reducing the circulating
current with good precision, as shown in Fig. 8. All techniques
were tested for different power factor values from 0.99 to 0.8, as
shown in Fig. 9. The proposed technique reduces the rms value
of the circulating current for different power factors managing
to provide a reduction of about 70%. In addition, the voltages
of the submodule remain balanced with each other according to
their reference value.

In addition, it is necessary to specify that the voltage balancing
technique based on the sorting algorithm has been implemented
in the simulations. This technique works by selecting which
submodules to insert or bypass based on the insertion index,
the sign of the arm current, and the instantaneous voltage
values, ensuring balance regardless of which submodule in the
arm compensates for the circulating current. Consequently, it
might happen that during the fundamental period of the carrier
(Tc =

1
fc

, where fc is the switching frequency), the submod-
ule designated to inject the circulating current is not inserted.
This effect, due to the implementation of the sorting algorithm,
undermines the performance of any implemented technique by
reducing the number of submodules with which control action
is transmitted.

Results from the simulations presented previously are sum-
marized in Table II. The peak-to-peak value of the circulating
current, its rms value, the rms value of the arm currents, and
the voltage ripple across the capacitors were considered. All
values are expressed as a percentage reduction compared to the
case where no control is applied for circulating current reduction
where the higher value means a greater reduction.

Fig. 10 compares conduction and switching losses in the
MMC submodules for the four control techniques. The switch-
ing and conduction losses were calculated as percentages con-
sidering the case where no circulating current reduction control
is applied. The bar graph provides a detailed breakdown of
the losses for each submodule of the upper arm of phase a,
obtained by simulation using PLECS and the thermal model
of the devices employed in the experimental rig. In the case of
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Fig. 7. Simulation results for different control techniques: SCBI, direct
method, injection method, and indirect method for different power levels.

SCBI, injection is performed on SM1 highlighted in red in the
Fig. 10. All of the implemented techniques reduce power losses,
and there is no noticeable difference. However, the proposed
technique achieves a notable reduction of the submodule losses,
approximately 60% lower than in the uncontrolled case. It is
worth noticing that, despite the injection being performed only
on a single submodule, no significant difference is found in terms
of increased losses between the submodule where the injection is
applied and those without injection, indicating that oversizing of
the submodule is not necessary when the proposed SCBI method
is used. Indeed, conduction losses only depend on the rms value
of the arm current, which is the same for all the submodules.
Furthermore, switching losses are evenly distributed among the
submodules when the control strategy is employed.

VI. EXPERIMENTAL RESULTS AND DISCUSSION

The experimental tests are performed on the single-phase
MMC laboratory prototype shown in Fig. 11(a), whose char-
acteristics are the same as those used for the simulation model
listed in Table I. The experimental tests are performed on a
passive RL load, connecting it at the center point of the experi-
mental circuit, as shown in Fig. 11(b). The modulation strategy
employed is the phase-shifted carrier pulse width modulation,
with a switching frequency set to 1 kHz, and the output current
is set at 8 A through implementing an output current control.
The submodule capacitor voltages are measured for each arm
and balanced using the technique described in Dekka et al.’s [28]
work, which identifies the submodules to be inserted or bypassed

Fig. 8. Simulation results for different control techniques: SCBI, direct
method, injection method, and indirect method. At t1 = 0.2 s the resistance
load changes from 30 to 10 Ω and in time t2 = 0.4 the load changes from 10
to 40 Ω.

TABLE III
PARAMETERS OF PR CONTROL AND SCBI

using logic comparators instead of the conventional sorting al-
gorithm [8]. During the experimental tests, effective circulating
current mitigation, voltage ripple reduction, and efficiency are
measured, and also the dynamic response is evaluated to assess
the performance of the proposed SCBI technique. The same
tests are carried out by implementing a conventional circulating
current control based on a PR regulator to serve as a benchmark
for the performance comparison between the two techniques.

The parameters of the controllers used in the experimental
tests of both control strategies are displayed in Table III. The
tuning and discretization of the PR controller were investigated
in the works [6], [7].

Fig. 12 compares the waveforms of the simulations with
those of the experimental results before and after the SCBI is
applied, thus validating the simulative model and the choice
of gain K with which the proposed technique is implemented.
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Fig. 9. Simulation results for different control techniques: SCBI, PR control,
injection-based, and energy control at different power factor variations at time
t = 0.05 change from 0.99 to 0.80.

Fig. 10. Histogram of conduction and switching losses for each submodule of
the upper arm for the various implemented control techniques.

The waveforms obtained during the experimental tests for a
dc-bus voltage of 600 V for the conventional PR control and
the proposed injection-based technique are shown in Fig. 13.
The circulating current shown in the figure is measured with the
oscilloscope as the sum of the currents of the two arms divided
by two. The circulating current reaches a peak-to-peak value of
4.3 A when PR control is used, whereas it becomes 3.5 A with
the proposed SCBI technique. The rms value of the circulating
current drops from 0.8 A with the PR regulator to 0.6 A for the
SCBI method. The rms value of the arm current is 3.5 A for PR

Fig. 11. Seven-level experimental prototype converter. (a) Photograph of the
laboratory prototype. (b) Circuit diagram of the laboratory prototype.

Fig. 12. Comparison of experimental and simulated waveforms of arm cur-
rents before and after application of the SCBI technique.

control whereas it reaches a value of 3.3 A by using the SCBI.
Fig. 14(a) and (b) depicts the transient waveforms when turning
the circulating control on with both techniques, respectively, the
PR and the SCBI. Comparing the two graphs, it can be observed
that the peak-to-peak value of the circulating current, through
the PR control action, is reduced by 45% compared to the case
without applying any control.

In contrast, by implementing the SCBI technique, the value
is reduced by 55%. The rms value of the circulating current is
reduced by 58% when PR control is activated and by 68% with
the SCBI enabled.

Fig. 15 illustrates the voltage ripple of the submodule capac-
itors before and after the reduction of the circulating current
for both methods, calculated as the ratio of the peak-to-peak
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Fig. 13. Experimental waveform of the output voltage Vxi, output current ixi, the arm currents ixu,l, and the circulating current ixz with (a) PR current control
and (b) with SCBI Method.

Fig. 14. Experimental waveform of the output voltage Vxi, output current ixi, the arm currents ixu,l and the circulating current ixz before and after applying
(a) PR circulating control and (b) SCBI method.

Fig. 15. Experimental waveform of the capacitor voltages of the upper arm before and after applying (a) PR circulating control and (b) SCBI method.

value of the oscillation to the average value. Due to the rel-
atively low capacitance value of the submodules used in the
experimental rig (i.e., 500 μF), the initial voltage ripple is quite
large (16 %). However, applying both methods results in a
noticeable reduction of the voltage ripple by about 3%. The two
techniques achieve approximately 13% with PR control and 10%
with the SCBI. The submodule capacitor voltage waveforms
exhibit spikes; this phenomenon is related to the implementation
of the submodule voltage balancing control based on the sort-
ing algorithm. Although the sorting algorithm offers excellent
performance, it also increases the device’s average switching
frequency, resulting in a corresponding increase in unnecessary
switching events [29], contributing to increased switching losses
and stress on the transistors [30]. In addition, the submodule that
performs the compensation does not exhibit a different voltage
ripple compared to the others because the effect of the injection
and the resulting reduction in circulating current has a global

impact on the entire MMC phase, reducing the ripple in all
capacitors.

Fig. 16 shows the harmonic spectrum of the measured upper
arm current without circulating current control, with PR control,
and with the proposed injection technique. The amplitudes of the
spectrum harmonics are presented in p.u., with the peak output
current of 8 A as a reference. The SCBI technique achieves a
better reduction of the second harmonic component than the
PR control by decreasing the second harmonic about 41%,
thus increasing the efficiency of the converter. The efficiency
is measured with a power analyzer for the two techniques for
different power levels and is presented in Fig. 17, with Pin and
Pout being the input and output powers, respectively.

The proposed technique has globally higher efficiency than
the conventional technique. In particular, at 1 kW, the efficiency
achieved with the conventional PR control is 94 147%, while
reaching 94 315% with the proposed technique.
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Fig. 16. Harmonic spectrum of the measured upper arm current in three
different cases: without any control, with PR control, and SCBI method.

Fig. 17. Measured efficiencies at different power levels of the two techniques
in comparison.

TABLE IV
COMPARISON BETWEEN PR CONTROL AND SCBI

Results from the experimental test that are presented previ-
ously are summarized in Table, for both techniques the percent
reduction compared to the case without control is also present
(see Table IV).

VII. SUMMARY AND CONCLUSION

In this work, a novel control method for suppressing the ac
components of the circulating current in MMCs is proposed,
which is based on the injection of a signal proportional to
the circulating current itself into a single submodule of each

converter arm. To properly tune the proportional gain K of
the feedforward action that performs the injection, its effect on
the converter operation is simulated and analyzed in various
conditions, identifying the optimal value for the minimization
of the circulating current. The proposed technique was compared
with three control methods, representing each of the main control
families, in various operating conditions. The simulation results
showed that the new technique effectively reduces the circu-
lating current in all tested scenarios. Furthermore, by reducing
circulating current and voltage ripple, the technique allows the
converter to be designed with smaller arm inductor values and
submodule capacitance. The experimental tests performed on
a single-phase, seven-level laboratory prototype to assess its
effectiveness and performance show that the proposed tech-
nique effectively dampens the circulating current, reduces the
submodule capacitor voltage ripple, and improves the converter
performance. Experimental results also show that the proposed
approach is able to mitigate the losses of the converter by
reducing the rms and peak values of the arm currents without
requiring to oversize the compensating submodule or downgrade
the converter operation. Finally, the proposed solution succeeds
in achieving a performance enhancing with a reduced imple-
mentation burden in comparison to already existing techniques.
In a future step, the implementation and behavior of the pro-
posed control method during internal fault conditions of the
MMC can be further investigated. Among these, a different
voltage balancing strategy could be utilized to enhance the
performance of the proposed technique, reducing the switching
frequency of the devices and decreasing the overall converter
losses.
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