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ABSTRACT

Due to the modular structure and voltage scalable
features, the Modular Multilevel Converter (MMC) has
become an alternative converter for high and medium
voltage-based transmission systems. Apart from this,
MMC has edible features in controlling the real and
reactive power for a high-voltage transmission system
compared to the conventional converter. However, some
of the technical challenges such as control complexity
when subjected to more voltage levels, capacitor voltage
balancing issues, increase in capacitor voltage ripples,
DC fault handling, and circulating current affect the
performance of MMC in various applications. In this
paper, an adaptive balancing strategy is proposed for
capacitor voltage balancing of each cell connected in the
MMC. This approach balances the floating capacitor in a
simplified manner and henceforth reduces the capacitor
voltage ripples to the permissible limit. In addition, the
circulating current present in the MMC circuit will be
suppressed in comparison to the conventional method.
The proposed strategy is investigated under various op-
erating conditions to analyze the effective performance
compared to the traditional technique. A comparative
study of the proposed approach is presented with various
parameters of MMC performed using MATLAB Simulink
software.

Keywords: Adaptive Balancing Strategy, HVDC Appli-
cations, Modular Multilevel Converter, Capacitor Ripple
Voltage Control

1. INTRODUCTION

The Modular Multilevel Converter (MMC) has become
an important research idea among industries and aca-
demicians after being first installed by Siemens in 2010 in
California (United States of America). However, initially,
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the MMC was developed for a high-voltage transmission
system [1], then extended to other applications such
as power quality [2], variable speed drives [3], electric
traction systems [4], and multi-terminal systems [5].
Furthermore, due to the advancement in semiconduc-
tor devices, multi-control variable controller, and the
signal conditioning process, the MMC has been further
extended to renewable energy (offshore wind plant) 2, 6]
and microgrid [7] applications. The main technical
challenges associated with consistent operation of the
MMC include capacitor voltage balancing, capacitor
ripple mitigation, output current control, and arm voltage
control. During the past decades, many academicians
have started to develop various control functions for
regulating the technical challenges of MMC.

Among them, the most important features of MMC
include modular construction, voltage scalability, low
voltage-rated cell connected in stacked phases, low
harmonic distortion, and the ability to work during fault
conditions. However, despite its several advantages,
the reliable operation of the MMC is affected by the
capacitor ripple voltage, circulating current, voltage,
and power fluctuation due to uneven voltage balancing
and increased power loss. The switching and control
operation of the MMC mainly depends upon the selection
of a suitable cell topology [8, 9]. Many cell topologies are
available for the MMC, with half bridge and full bridge
commonly used for real-time applications [10].

In order to select a suitable topology for the MMC, a
comparative analysis is performed based on the number
of power devices required, power loss, and harmonic
performance, as illustrated in Fig. 1. The different
cell types are half bridge (HB), full bridge (FB), clamp
double (CD), neutral point clamp (NPC), flying capacitor
(FC), hybrid, mixed, and T type NPC. Each cell consists
of numerous switching devices and capacitors in each
arm of the converter. Furthermore, the charging and
discharging of each cell capacitor voltage mainly depend
upon the voltage balancing method. However, due to the
uneven balancing effects, the peak ripple of the capacitor
voltage and circulating current will be high, henceforth
increasing the power loss and reducing the efficiency of
the MMC. Hence, balancing the capacitor voltage to its
nominal value is an important MMC phenomenon.

Over the past decade, many capacitor-balancing tech-
niques have been developed to balance the capacitor
voltage with respect to the rated quantity [11]. Conse-
quently, the self-voltage balancing technique is used to
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Fig. 1: Comparison of different cell topologies.

regulate the capacitor voltage using modulation schemes
such as nearest level [12], space vector [13], carrier
phase shift [14], and multicarrier [15]. Besides, these
techniques require an additional control method for
mitigating the peak ripple voltage of each cell capacitor
while also increasing power loss in the converter. In
order to overcome these problems, a novel modulation
scheme with voltage control algorithm is developed to
balance the capacitor voltage [16], but it affects the
efficiency and increases the cost of the MMC.

Apart from this, various voltage sorting-based bal-
ancing methods have been developed to balance the cell
capacitor using the novel balancing method [17]. These
techniques use the voltage band process to select each
cell capacitor voltage using the maxima and minima
functions. However, the voltage band selection process
requires more computation time while also increasing
the system’s complexity. Furthermore, an additional
controller is needed when the MMC is subjected to
a large number of cells. This is overcome by using
modified voltage balancing techniques [18] but increases
the circulating current and power loss in the MMC.
Besides, many control algorithms based on injecting the
circulating current [19] have been developed to mitigate
the capacitor ripple voltage and voltage fluctuation
caused during steady state and dynamic conditions.

These regulate the ripple voltage and balance the
capacitor voltage with even distribution. However,
they cause a sudden voltage deviation under abnormal
conditions in the load terminal, eventually increasing
conduction loss, harmonic distortion, and circulating
current. This problem is overcome by using modulation-
based balancing techniques [20], where the centralized
controller is employed for balancing each cell capacitor.
However, it increases the switching transition and makes
the system more complex when the number of cells is
increased. Thus, the aforementioned techniques have
several limitations in controlling the voltage of each cell
capacitor and regulating the capacitor ripple voltage.

Hence, to overcome the problem associated with the
conventional techniques, a simplified control algorithm
is required to balance each capacitor voltage. Fur-
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Fig. 2: Generalized configuration of the MMC.

thermore, it must mitigate the peak ripple voltage and
circulating current toward the acceptable limit for the
MMC.

Based on the above mentioned problems, an adaptive
balancing strategy is proposed to balance each cell
capacitor. Furthermore, the proposed method will also
regulate the ripple voltage and circulating current to the
permissible limit compared to the traditional method.
Phase disposition is used to generate the pulse in the
proposed method. Simulation and comparative analysis
are carried out to understand the performance of the
proposed balancing method.

2. GENERALIZED CONFIGURATION OF THE MMC

The generalized configuration of the MMC with HB
cell (based on Fig. 1) topology is shown in Fig. 2. The
three-phase MMC structure consists of an input DC link
source (V,,), upper and lower arm, arm inductor (L),
and three-phase (R, Y, and B) load, as depicted in Fig. 2.
The upper and lower arms consist of an N number of
series connected cells, with each cell consisting of two
identical switching devices (S,; and Sg,) (where the
antiparallel diodes are connected across each switch)
and the floating capacitor (Cp). The most widely used
topology for the MMC is the HB cell [1], because of its
simple structure, reduced power loss, and ease of control.

In addition, DC fault handling can be attained by
connecting the redundant cells in the converter [21]. The
arm inductor connected at the midpoint of the upper and
lower arm is used to control the instantaneous voltage
changes during modulation and supresses the circulating
current. The single HB cell generates two output voltage
levels 0 (when S, is in ON condition) and +V (when
S,y is in the ON condition). The complete switching
operation of a single HB cell is depicted in Table 1. The
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Table 1: Switching sequence of the HB cell.

Switches in

Conduction Arm Capacitor Output
Se1 | Sy | Current Condition Voltage
off off >0 Charging +Ve
off on >0 Bypass 0
on off <0 Discharging Ve
off on <0 Bypass 0

main control objectives of the MMC are the number of
output voltage levels, arm and output current control,
harmonic performance, and capacitor ripple reduction.
These control functions can be carried out based on the
proper switching of the power devices connected in the
MMC. The three-phase output depends upon the number
of voltage levels generated and appropriate modulation
techniques used in the switching process.

3. MATHEMATICAL MODEL

The main control parameters of the MMC include arm
voltage, circulating current, input DC voltage, output
voltage, and current. The arm voltage directly depends
upon the voltage of each cell because of its cascaded
connection. Hence, to understand each control function
of the MMC for theoretical analysis, the basic structure
is converted into an equivalent circuit model (due to its
simplicity and ability to control multi-variables [22, 23]).

Consequently, each arm of the MMC is converted into
a controlled voltage source while the arm resistance is
included to analyze the power in each arm. Similarly, the
resistive and inductive load considered for analyzing the
performance of the proposed method is considered in the
theoretical analysis. Additionally, important parameters
affecting the stability of the MMC are capacitor ripple
voltage and circulating current. The circulating current
is caused by sudden changes in the capacitor voltage due
to the switching function. However, the current does not
affect the root mean square (RMS) value of the output
but increases the peak magnitude of the arm current.
This results in increased power loss between each cell
connected in the MMC.

The steady state and dynamic conditions of each
control parameter of the MMC are analyzed based
on the application of Kirchhoff’s voltage law in each
arm. Consequently, the output voltage obtained at the
midpoint of the MMC is determined as,

V. di di
VLx= ;C+Vux+L1d_l;)C+Rliux+L0%+R0i0x+er
(1)
Vv, di, ) diy )
VLx= 26 +I/lx+Lld_tx+Rlllx+LOd_tx+R010x+er
(2)

where Vux = I/;Aa+l/;tb+1/140> V[x = Vla+Vlb+Vlc’
Via =Vip =Vie =nVe,and Vi, = V) =V, =nVe. Vi,

ua u

represents the output voltage obtained at the midpoint,
V, and V}, denote the upper and lower arm voltage, R,
and L, are the arm resistor and inductor, R and L imply
the load resistance and inductance, and V};, and i, are
the load voltage and current of each phase. Likewise, the
upper and lower arm current is determined by,

. 1. ) .

Lyx = E (lacx + ldc) + Leix

. 1. ) .

Iy = 5 (lacx - ldc) + L (3)

i, and i;, represent the upper and lower arm current,
x represents phase R, Y and B, while i,; denotes the
circulating current. Furthermore, the input DC voltage
is expressed as,

d (iux - ilx)
dt

Thus, by equating Eq. (1) and Eq. (2) with respect to DC
voltage, it can be modified as,

Vdc =Vux+le+Ll +R1 (iux_ilx) (4)

d (i +iry)

Vdc =I/ux_le+Ll +R1 (iux+ilx)

di
+ 2L0% +2Ryig, + 2V, (5)

Likewise, the load current and input DC current is
expressed as,

lox = loa * iop + ipc (6)

. fyx = Ijx

lge = — 6 (7)
The dynamic variation of input DC current is determined

by,

diy,.
dt
Vi Vix = Vix diy . ox | Vi
TC— <XT>+LOd_tx+Rlldc+RO?x+ 3x
3L,
(8)

In addition, the circulating current flowing in each
arm of the converter is determined by,

) lyx =1 A
lcl=<ux2 x>_ldc (9)

The dynamic condition of the circulating current in the
converter is determined by,

1
Vux - le V],jx + VLx Roi
6 - 2 - OlCl

diclx — (10)
dt L,
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Likewise, in some case the presence of a common

mode current (motor drive) can be obtained by,
. iux + ilx

Iem = T (11)

In similarity to the DC current, the dynamic condition

of the common mode current (i,,,) is determined by
differentiating Eq. (11),

cm)

diOx .
di _Vux + le - 2LO - ZROIOX - 2I/rx
Lem — dt (12)
dt 6L,

Thus, while considering the load parameters, Eq. (12) is
once again modified into,

V. -V
<u> — (2Ry +3Ry) gy
cm 6

di _ (13)
dt L, +3L,

Additionally, the relationship between the load cur-

rent and common mode current is determined as,
A . .

lox = 5 (lux + llx) —lem (14)

The dynamic changes that occur during abnormal condi-

tions in the load behavior based on the load current are

determined as,
di 1 Vll -Vix .
dzx =21, l(xT ~ Vi = 2 (Ro + Ry ) gy
(15)

The power loss in the converter can be determined by
calculating the input and output power flowing in the
arm side as well as the load side can be determined by,

Pint = Pout + Ploss (16>
Vdcldc = (Vuxiux + leilx) + Ploss (17)
Ploss = Vdcidc - (I/uxiux + leilx) (18>

where P;,, denotes the input power loss, P,,, represents
the output power loss, and P, denotes the switching
and conduction loss. Hence, the theoretical analysis
of the MMC is discussed in detail in this section. The
dynamic analysis based on the sudden change in load
quantities during abnormal conditions is evaluated for
arm voltage, circulating current, output current, and
common mode current. Thus, based on this analysis the
steady state and dynamic changes of the MMC can be
determined using the equivalent circuit model.

4. PROPOSED ADAPTIVE BALANCING STRATEGY

The important factor to be considered for steady and
consistent operation of the MMC includes a suitable pulse
generation scheme for switching the power devices and
capacitor-balancing algorithm.

4.1 Pulse Generation Scheme

Pulse generation is nothing but a signal used to trigger
the semiconductor devices in any power converter.
The pulse signal generation is generally obtained by
comparing the reference sinusoidal with the triangular
carrier signal. Based on the carrier arrangement, the
pulse generation techniques are classified into many
types such as selective harmonics elimination, space
vector modulation, nearest level, phase shift carrier, and
level shift carrier [15]. Of these, the level shift carrier
technique is most widely used for the MMC due to
its superior harmonic performance and low power loss
[24]. Furthermore, the level shift carrier technique is
classified into PD (phase disposition), APOD (alternate
phase opposition disposition), and POD (phase opposi-
tion disposition). The PD pulse generation technique is
used for the proposed balancing operation, as illustrated
in Fig. 3.

In that respect, the sinusoidal signal is compared with
the carrier signal, where each carrier signal is organized
in vertical arrangement with equal disposition at each
level. Fig. 3(a) represents the pulse generation pattern of
the power devices while Fig. 3(b) represents the desired
output voltage determined at the load terminal of the
MMC. In order to understand the performance of the
MMC, the number of cells for the proposed method
is selected as 4 per arm. Hence, four carrier signals
are required in the adaptive technique. The number of
levels generated at the output of the converter can be
determined by,

Nlevel = NC +1 (19>

where N,,,.; represents the number of levels and N,
denotes the number of cells. Likewise, the reference
signal generated for each arm voltage of the MMC can
be obtained by,

V’ef—ﬁ

wp = [1— (M sinot)]

yres = Ve [1+ (M +sinot)] (20)

alp 2

4.2 Adaptive Balancing Strategy

Voltage balancing at each cell capacitor is the primary
control objective of the modular-based high-power con-
verter. Furthermore, it also plays an important role in
the steady and consistent operation of the MMC. The
basic function of the cell capacitor is used to charge and
discharge the voltage to the nominal value. However,
balancing each capacitor voltage to the nominal value
is quite a challenging task due to the presence of a
large number of cells in the MMC. Therefore, an edible
capacitor-balancing technique is required to balance each
cell voltage, each of which must be balanced evenly
at each voltage level. Hence, an adaptive balancing
strategy is developed in this study to control each cell
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Fig. 3: Pulse generation using the PD technique.

Initial Parameter selection

v

Sorting of capacitor voltage
in ascending order

Fig. 4: Adaptive balancing strategy.

capacitor voltage as well as regulating the capacitor
ripple voltage toward the permissible limit. Initially,
each capacitor voltage is selected based on the sorting
mechanism developed by [25]. The capacitor voltage is
selected by the highest to lowest values using the bubble
sort technique [20].

Hence, the required capacitor voltage is selected
for the proposed adaptive technique. Furthermore, it
requires the switching pulse signal, obtained using the
PD pulse generation scheme (as discussed in the previous
section). The control algorithm of the proposed adaptive

balancing strategy is illustrated in Fig. 4. After the
selection of each capacitor voltage and pulse signal from
the PD technique, the operating conditions of capacitor
voltage (charging and discharging) are calculated based
on the arm current direction (i,.,). Furthermore, the
switching sequence for the charging and discharging is
determined according to Table 1. Based on the switching
sequence of the HB cell, the required capacitor voltage
is selected, by comparing the maximum (V,,,) and
minimum (V,,;,) conditions.

Thus, the obtained capacitor voltage is incorporated
with the switching signal (Lg,) and modulation index
(M) values. Based on that, the required capacitor-sorted
voltage (V) is determined, which is expressed by,

V. >

sort —

Vit <

sort =

(MI *cot) —Lg,
(MI *cot) —Lg,

(21)
However, the obtained V., is regulated with two
conditions, one is when

Veap < Viax and the charged
capacitor voltage is then selected, and another is when
Veap > Vipax in which case the discharged capacitor
voltage is selected. The selected V,,, signal is once
again compared with the carrier rotation (Cp) signal as
proposed by [9].

Based on the comparison, the gate function (Fy,) is
determined. This comparative process is used to increase
the delay time and to regulate the ripple voltage in each
cell. Thus, the obtained signal can be given as an input to
the power device in each cell of the MMC. Since the MMC
consists of a large number of cells connected in each arm,
the obtained F,, signal cannot be incorporated into more
cells due to the control complexity. Furthermore, the
signal may get overlapped during the switching function.
Hence, in order to increase the delay time constant for
each switching device when subjected to more cells, the
reference switching signal (Ri ) is compared with the
F,, to determine the required switching pulse signal
(Uy) for the MMC. The same process can be performed
on many cells without any changes in the switching
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Table 2: Simulation parameter values.

Parameters Values ‘ Simulation

Output Power 350 MW
Grid Voltage 132kV
Output current 3kA
DC Link 190 kV
Source Inductance | 20 mH
Source Resistance 0.01Q
Number of SM 4

Cell Capacitance 3mF
Load Resistance 23Q
Load Inductance 30 mH
Fy, 2.5kHz
Modulation Index 0.95

function. Thus, the signal U, provides the required pulse
signal for the MMC.

5. SIMULATION RESULTS

The effective performance of the proposed adaptive
balancing strategy is tested in the MATLAB/Simulink
software tool. The source and load (resistance and
inductance) values required for testing the proposed
method in the MMC are depicted in Table 2. The

modulation index and switching frequency (F;,,) for PD
modulation of the MMC are selected as 0.95 and 2.5 kHz,
respectively. Based on the analysis, the desired outputs
such as three-phase line voltage and current, capacitor
voltage, phase voltage, and real power quantities are
evaluated using the proposed method.

Fig. 5 presents the three-phase output voltage charac-
teristics of the MMC obtained at its midpoint (as in Fig. 1).
Since the number of cells determined for the proposed
method is 4 per arm, it generates a five-level voltage at the
output. For simplification, the number of cells required
in each arm is selected as 4, but in a practical system, it
will be more (for example, more than 100 cells per arm).
Furthermore, in a real-time study, the selection of the
number of cells, capacitors, and power devices is based
on the power rating, application, and operating limit.
Likewise, the selection of a typical capacitor for the MMC
is an important phenomenon. The selection of capacitor
and inductor values for the MMC is explained in detail in
[26], and the various practical applications discussed.

Consequently, the capacitor and inductor values are
selected for the proposed method. The output voltage
magnitude of 132kV is attained at the load terminal.
Hence, according to Fig. 5, each voltage level indicates
that the proposed technique balances the capacitor volt-
age at equal distribution. Similarly, the characteristics of
the output current curve are illustrated in Fig. 6.
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A near to sinusoidal signal is achieved at the output
terminal with fewer DC and AC harmonic components.
In the case of the MMC, the presence of low-order
harmonics tend to be higher compared to others, due to
uneven voltage distribution and the circulating current.
The cell capacitor voltage of the upper and lower arm
of the R phase is depicted in Fig. 7. Each cell capacitor
voltage is balanced at the rate of 33.28 kV (i.e., 25% of the
nominal value).

As can be observed from Fig. 7, each cell capacitor
voltage is balanced evenly without any deviation. Simi-
larly, peak-to-peak magnitude is obtained as 125 V (ripple
voltage). Hence, the proposed adaptive balancing strat-
egy balances the capacitor voltage with equal voltage
distribution.

The phase voltage and current (each line to ground) of
the MMC are shown in Fig. 8, depicting the effectiveness
of the proposed adaptive balancing strategy. Likewise,
the arm voltage and current of the R phase are depicted
in Figs. 9 and 10.

The arm quantities play a vital role in the steady and

consistent operation of the MMC because the instanta-
neous voltage changes in each cell due to the switching
device determined in each arm of the converter. Hence,
if any disturbance occurs during the switching function,
it will directly impact the arm voltage and current,
eventually affecting the stability of the MMC while
increasing power loss.

From Figs. 9 and 10, it can be concluded that the
proposed method maintains the voltage and current with
nominal values without any disturbance. Until now,
the proposed method is tested in fixed load conditions
(R;, =15Qand L; =20 mH) with the modulation index
and F,,, at 0.95 and 2.5 kHz, respectively.

Furthermore, in order to understand the performance
of the adaptive balancing techniques in dynamic condi-
tions, the step change in load values is incorporated at
the midpoint of the MMC in equal time intervals. On
that basis, the performance of load voltage, current, and
capacitor voltage is measured. Initially, the converter
is tested in half load conditions from the time period
of 0 to 0.16s, after which the step change to full load
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conditions is incorporated from 0.17s. The output
voltage and current characteristic curve during dynamic
load conditions are illustrated in Fig. 11.

Fig. 11(a) depicts the output voltage while Fig. 11(b)
shows the load current waveform. This depicts that,
during half load and full load conditions, the adaptive
balancing strategy performs quite well in terms of
balancing each capacitor voltage at each voltage level, as
shown in Fig. 12(a).

Besides, during dynamic load conditions, the current
isincreased from 2.5 kA to 5 kA of the rated value. During
these load conditions, the output current attains near to
the sinusoidal signal without any harmonics present in
the peak current magnitude. Similarly, when considering
each cell capacitor voltage, during the step load variation
the capacitor is evenly balanced without any deviation, as
depicted in Fig. 12. However, during dynamic conditions,
there may be a slight increase in the peak-to-peak value
of each cell capacitor. Apart from this, the proposed

method balances each cell capacitor to their nominal
values.

Likewise, in order to validate the real power flowing
through the MMC during dynamic conditions, the char-
acteristic curve of the real power flowing in the MMC
is illustrated in Fig. 13. As Fig. 13 clearly indicates,
during dynamic conditions only the real power values are
varied from half load to full load without any deviation.
Likewise, the reactive power flow during dynamic load
conditions is shown in Fig. 14.

Hence, according to the simulation results, the ef-
fective performance of the adaptive balancing strategy
is validated under various operating conditions. Fur-
thermore, in order to understand the performance of
the proposed method with other balancing techniques, a
comparative analysis is carried out based on the different
parameters such as capacitor ripple, circulating current,
voltage harmonics (THD, ), current harmonic distortion
(THD;), power loss, and complexity of the MMC. Based
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on the findings of the study, the proposed adaptive
balancing strategy performs quite well compared to other
traditional techniques. The measured values are shown
in Table 3. It should be noted that the number of cells
selected for the proposed method is 4 with a rated voltage

of 132kV. Hence, the capacitor voltage attained at the
output of each cell is 25% (33kV) of the rated voltage.
Similarly, this also applies to power device selection.

In practice, the same process cannot be followed
because, in a modular converter, there will be more
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Table 3: Comparative analysis of the proposed method vs traditional techniques.

Capacitor Ripple (V) Circulating | Capacitor | THD, | THD; Control Power
Ref. Cell | Half Load [ Full Load | Current (A) | Ripple (V) (%) (%) Complexity | Loss (kW)
[81,[12] | HB 135 153 60.23 153 2232 | 8.96 High 9.65
[13],[15] | EC 189 196 37.69 196 26.83 9.52 Low 5.21
[18] FB 145 156 78.9 156 32.32 12.59 High 4.8
[22],[24] | HB 156 175 38.63 175 26.23 | 11.95 | Moderate 6.21
Proposed | HB 112 125 27.65 125 19.78 7.65 Low 3.98
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