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Abstract: Compared with other topologies, the modular multilevel converter (MMC) has the advan-
tages of higher scalability and lower harmonic distortion. When carrier-based pulse-width modu-
lation approaches are used for the MMC, the number of carriers increases for more sub-modules,
and the complexity of the control and the memory required increases as a result. In addition, the
synchronization of several carriers is another issue. Due to the unique constructional characteristics
of the MMC, circulating currents will be generated internally, causing distortions in the arm currents
and, thus, unnecessary converter losses. In this paper, an improved 2N+1 pulse-width modulation
approach with low control complexity and a circulating current suppression strategy are proposed.
Firstly, the conventional carrier phase-shifted 2N+1 pulse-width modulation approach is improved
so that the number of carrier signals adopted in each arm is always two. Secondly, the redundant
switching states are used to suppress the circulating current. Finally, the effectiveness of the pro-
posed strategy is verified experimentally. The results show that the proposed method reduces the
control complexity while retaining the output performance. Meanwhile, the circulating current can
be suppressed.

Keywords: modular multilevel converter (MMC); pulse-width modulation; circulating current

1. Introduction

With the rapid development of electric transportation applications such as electric
vehicles, electric vehicle charging stations, railway traction, and electric ships, the power
converters adapted for them are attracting increasing attention. Multilevel converters
for transportation are gaining wide acceptance owing to advantages such as improved
waveform quality, reduced semiconductor losses, and low electromagnetic interference
(EMI). As a new multilevel topology has emerged in recent years, the modular multilevel
converter (MMC) has replaced the direct series connection of IGBT devices with a cas-
cade of sub-modules and does not have the issues concerning dynamic voltage sharing of
IGBT devices compared to conventional two-level converters and three-level converters.
Compared to cascaded H-bridge converters, the MMC eliminates the use of multi-winding
phase-shift transformers and can be extended to any voltage level and capacity by in-
creasing the number of cascaded sub-modules. In addition, each sub-module can choose
low-voltage power switching devices, with low switching frequency operation, which are
easy to expand the use and significantly reduces the size, etc. However, the topology of this
converter faces many challenges in terms of control operation and simulation modeling
because of the unique operating principle [1,2].

As the most widely used modulation method for MMC, the carrier phase-shifted
pulse-width modulation approach (CPSPWM) has advantages including balanced sub-
module switching frequency, equal sub-module power distribution, and low harmonic
distortion [3]. Meanwhile, MMC can generate two different types of output-phase voltage
levels (N+1 and 2N+1), according to the different arrangement of the carrier signals. The
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carrier signal distribution method for the carrier phase-shifted N+1 pulse-width modulation
and carrier phase-shifted 2N+1 pulse width modulation is analyzed and compared in [4].
The results show that the output waveform quality of the carrier phase-shifted 2N+1 pulse-
width modulation approach is better. A generalized theory for the carrier phase-shifted
modulation method for the MMC is proposed in [5], the output waveform quality is better
when the number N of sub-modules in each arm is even. Due to internal calculation delays
and the sampling mode, the complexity of carrier signal generation and the difficulty
of accurate synchronization between the carrier signals increases significantly with the
increase in sub-modules [6]. A single carrier-based alternative phase opposition disposition
pulse-width modulation approach (APODPWM) was proposed in [7], which involves only
simple mathematical calculations to solve the problem of accurately synchronizing multiple
carrier signals. In [8], a single carrier based reconfigurable carrier-cascade modulation
approach is proposed to make the output waveform satisfy both half-wave symmetry
and quarter symmetry, and the experimental results show that the reconfigurable carrier-
cascade modulation strategy reduces the total harmonic distortion of the output waveform
compared with the conventional carrier modulation strategy. In [9], a dual carrier phase-
shifted N+1 pulse-width modulation approach is proposed, in which multiple carrier
signals are simplified according to mathematical methods. The complexity of the control
algorithm is reduced, and the experimental results show that the output performance is the
same as that of the conventional carrier phase-shifted modulation approach.

The different switched-in and switched-off states of the sub-modules cause inconsistent
charging and discharging of the sub-module capacitors, which leads to large fluctuations
in the capacitance of the sub-modules and generates corresponding circulating currents
in each phase. The presence of the circulating current not only distorts the arm currents,
but also increases the unnecessary loss of the converter. Circulating current suppression
strategies can be divided into two categories, one for direct circulating current suppression
strategies and the other for indirect circulating current suppression strategies. The phase leg
contains two arms, and each arm contains N sub-modules, so the total of the voltage fluctua-
tions at the AC ports of all the sub-modules of the two arms in the phase leg can be referred
to as the voltage fluctuations of the phase leg. This fluctuating voltage is across the upper
and lower arms and, therefore, generates fluctuating currents in the phase leg through the
arm inductances. The fluctuating currents are defined as the circulating current [10]. The
circulating current can be reduced by increasing the value of the arm inductance [11]. How-
ever, the circulating current cannot be completely eliminated. In [12-16], PI control under
the second harmonic negative sequence coordinate system is used to control the second
harmonic circulating current in the arm current. The control algorithm requires the second
harmonic negative sequence coordinate transformation and feed-forward decoupling con-
trol, which increases the computational complexity of the control algorithm. In [17-19],
the quasi-proportional resonant controller is used to track the circulating current in the
arm current without static error, but each PR controller can only track the AC component
of a specific frequency, which will lead to a more complex controller structure. To further
reduce the system control complexity, a circulating current controller based on the 2N+1
modulated redundant switching states is proposed in [20], which in turn achieves the effect
of suppressing the capacitor voltage fluctuations. This circulating current controller avoids
the problems of large computation and more complicated control parameter debugging
that exist in traditional circulating current controllers (PI controller, PIR controller). A
capacitor voltage fluctuation suppression strategy considering the arm inductance voltage
was proposed in [21], which uses a new mathematical model considering the arm induc-
tance voltage to obtain the reference signal for the circulating current and uses redundant
switching states to control the circulating current. In [22], a circulating current suppression
method based on capacitor voltage feed-forward compensation is proposed. The voltage
fluctuations of the phase leg is used as the feed-forward compensation on the modulation
signal to achieve the circulating current suppression. The additional circulating current
controller is not needed. A circulating current suppression strategy without the arm current
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sensor is proposed in [23]. It suppresses the circulating current by reducing the voltage
fluctuations of the phase leg.

In order to reduce the control complexity and unnecessary losses of the MMC, an
improved 2N+1 pulse-width modulation approach and a circulating current suppression
strategy are proposed in this paper. The number of carrier signals in each arm is re-
duced. The problem of accurate synchronization of multiple carrier signals can be solved.
Meanwhile, this method utilizes the redundant switching states of the improved 2N+1
PWM approach to suppress the circulating currents within the topology at the modulation
level without the need for additional circulating current suppressors, and it is simple
to implement.

The paper is organized as follows. Section 2 explains the basic operating principle
of the MMC. Section 3 describes the development of the improved 2N+1 pulse-width
modulation approach. Section 4 depicts the circulating current suppression strategy based
on the 2N+1 modulated redundant switching states. Section 5 provides simulations and
the experimental prototype results for the validation of the circulating current suppression
strategy for the MMC based on the improved 2N+1 pulse-width modulation approach. The
article is concluded in Section 6.

2. MMC Operation Principle

The topology of the modular multilevel converter (MMC) is shown in Figure 1. The
upper and lower arms of each phase are composed of N half bridge sub-modules and an
arm inductance Ly. V4. is the DC-link voltage, vy (x € {A, B, C}) is the output-phase voltage,
iy is the output current. vy, and vy are the voltage of the upper and lower arm, respectively.
iyu and iy] are current of the upper and lower arm, respectively.
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Figure 1. The topology of the modular multilevel converter (MMC).

As the most basic component of the MMC, the sub-modules have been derived from
various types of structures. This paper is an example of a half bridge sub-module (HBSM),
as shown in Figure 2. The sub-module topology is constructed from two IGBT power
switching devices, T; and T, with anti-parallel diodes and an energy storage capacitor.
The MMC controls the turn-on and turn-off states of each half bridge sub-module power
switching device in the upper and lower arms to obtain the required output voltage on the
AC side. Each anti-parallel diode ensures that the corresponding IGBT power switching
device can be protected from the current when it is turned off, thus ensuring that the
MMC can operate normally. When T is turned on and T, is turned off, the energy storage
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capacitor will be charged or discharged according to the direction of the arm current
flowing through it, when the sub-module is in the input state. When Tj is off and Ty is on,
the output voltage of the sub-module is 0 V, and the arm current will not flow through the
energy storage capacitor, at which time the sub-module is in the removal state. In addition,
when both T; and T, are switched off, the sub-module will be in the removal state. When
the arm current is positive, the capacitor is charged using the anti-parallel diode D;; when
the arm current is negative, the arm current will flow through the anti-parallel diode D,
and the capacitor will be bypassed. Table 1 shows the output voltage and switch state
corresponding to the power switching device and defines the current direction of the arm
current from end a to end b as the positive direction, vsy, is expressed as the output voltage
of the sub-module unit and v¢,p is the capacitance voltage of the sub-module.

_l -

Figure 2. Half bridge sub-module topology.

b o

Table 1. The output voltage and switch state corresponding to the power switching device.

T T, Arm Current Direction Output Voltage Working Status Description
ON OFF >0 Ucap Input state Capacitive charging
ON OFF <0 Ucap Input state Capacitive discharge
OFF ON >0 0 Removal state Capacitive bypass
OFF ON <0 0 Removal state Capacitive bypass
OFF OFF >0 Ucap Blocked state Capacitive charging
OFF OFF <0 0 Blocked state Capacitive bypass

The MMC equivalent mathematical model can reflect its operation principle visually,
which is very important for the study of its operation control strategy. Firstly, in order to
describe the equivalent mathematical model of the half bridge sub-module, S.4; can be
defined as the switching function of the sub-module, as shown in Equation (1).

1 T1=1T,=0
S’C’“—{ 0 T;=0T,=1 @

where, S,4; is the switching function of the ith half bridge sub-module of the k-arm in the
xth phase (k = u, 1), and when S,4; = 1, the corresponding half bridge sub-module is in
the input state, and when S,4; = 0, the corresponding half bridge sub-module is in the
removal state.

Since each half bridge sub-module is controlled individually, so that all half bridge
sub-modules in the upper and lower arms can be equated to an independent controlled
voltage source respectively, the output voltages, vy, and vy, of the upper and lower arms
in the xth phase unit can be expressed as:

N N
Oxu = ‘Zl Osm_xui = ‘Zl quivcap
i = @

N
Oy = Z Usm_xli = Z leivcap
i=1 i=1
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where, N is the total number of sub-modules of the arm, and vgy, 4y and gy, i, are the
output voltages of the ith half bridge sub-module of the upper and lower arms of the
x phase, respectively.

Because the three phase units of the MMC have the same structure and are controlled
independently of each other, only a single phase needs to be analyzed. Taking phase A as
an example, the single-phase equivalent circuit of the MMC is shown in Figure 3.

Figure 3. The single-phase equivalent circuit of the MMC.

The current flowing through the upper and lower arms is defined as the circulating
current iy a. According to Kirchhoff’s current law (KCL), the upper and lower arm currents
can be expressed as:

. . i
TAu = leirA T 7A

L i ®G)
IAl = LeirA — 7A
According to (1), the circulating current is derived as:
. iAu +ia]
LeirA = (1127/%) 4
The A-phase output voltage and output current are expressed as:
VA = V2V cos wt (5)
in = V2Ix cos(wt + @) (6)

where, V4 is the RMS value of the output-phase voltage, I is the RMS value of the output
current, w is the output fundamental angular frequency, and ¢ is the power factor angle.
According to the single-phase equivalent circuit of the MMC, the voltage equation of
the upper and lower arms can be obtained by Kirchhoft’s voltage law (KVL):
Y —vpau—Lo%pe —0a =0
%—Z)AI—LO%—FUA =0

@)

To facilitate the analysis of the MMC, the voltage modulation index of phase A
is defined as the ratio of the amplitude of the output AC-phase voltage to half the
DC-side voltage:

Va  V2Va  V8V4
%Vdc %Vdc VdC

®)

map =

where, Vj is the amplitude of the output AC-phase voltage of phase A.
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Ignoring the voltage drop in the arm inductance, the upper and lower arm voltage
can be further expressed as:

VA = %(1—mAcoswt) ©)
VAl = %(1 + mp cos wt)
Substituting (3) with (7), it can be obtained that:
Ve — (ona +oa1) — 2L TS = 0 (10)
(val —vAu)  Lodin op =0 (1)

2 2 dt

In order to more directly describe the energy exchange process inside the MMC and
the relationship between each electrical quantity, the equivalent circuit of phase A can be
decomposed into the DC-side equivalent circuit and the AC-side equivalent circuit, as
shown in Figure 4a,b. Figure 4a depicts the energy exchange process between the MMC
and the DC side, which reflects the correlation between each electrical quantity within the
topology, so that the MMC can indirectly control the circulating current to achieve a specific
goal using Equation (10). Equation (11) and Figure 4b both describe the process of energy
interaction between the MMC and the AC side, which reflects that the MMC can get the
required output voltage on the AC side by controlling the opening and closing states of
each half bridge sub-module power switching device in the upper and lower arms.

Lo Lo/2
Y YY) Y'Y
N + + +
— Vi feira VAwtHDAL ® @ Oa " Pau i oA @
. - 2 .
Y'Y
D LU ——

() (b)

Figure 4. The equivalent circuit of phase A. (a) DC-side equivalent circuit, (b) AC-side equivalent circuit.

3. Improved 2N+1 Pulse-Width Modulation Approach

The control strategy can rely on the pulse-width modulation approach to generate
pulses to control the MMC and, thus, improve the system performance. The carrier-based
pulse-width modulation approach is often used in the MMC because of its simplicity,
scalability and good control performance. Compared with other converters, the MMC can
generate two different types of output-phase voltage levels, N+1 and 2N+1, depending
on the different arrangements of the multiple carrier signals in the upper and lower arms
and the parity of the number of sub-modules in the arm. Figure 5 shows the principle of
the conventional carrier phase-shifted 2N+1 pulse-width modulation approach under the
N =4 condition. Each arm requires a modulation signal and a set of four carrier signals
with the frequency of f. and the phase difference of 7t/2. At the same time, since the upper
and lower arms in the MMC phase cell operate symmetrically, the phases of the modulated
signals of the upper and lower arms need to differ from each other by 7. The carrier signals
of the upper arm are defined as Cp1~Cp4, and the carrier signals of the lower arm are
defined as Cp1~Cyy4. Taking Cp1 and Cyy; as an example, the phase shifting angle 6 between
the carrier signals of the upper and lower arm is 7t/4.
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Figure 5. The principle of the conventional carrier phase-shifted 2N+1 pulse-width modulation
approach (N = 4).

With the increase in sub-modules in each arm, the number of carrier signals is increased
correspondingly. Moreover, the accurate synchronization of the different carrier signals
will be more difficult. In order to solve the above problem, an improved 2N+1 pulse-width
modulation approach is proposed. Only two carrier signals are used to generate 2N+1
level output-phase voltage. Taking N = 4 as an example, the principle of the improved
2N+1 pulse-width modulation approach is shown in Figure 6. The fundamental period is
divided into four segments, and the carrier wave is divided into two zones, according to its
amplitude. There are only two carrier signals with a phase difference of 7t in any arbitrary
rectangle determined by the segment number and zone number.

o/V A
Va R~ AR T T T AR AN T T T

upper
arm

lower
arm

Figure 6. The principle of the improved 2N+1 pulse-width modulation approach (N = 4).

Figure 7 shows the block diagram of the improved modulation method. The imple-
mentation of the proposed method can be divided into three steps: the generation of the
segment and zone number, the integration of the modulation signal, and the comparison
of the modulation signal and the carrier signal. In each segment, the modulation signal
is vertically shifted to zone 0, to generate an integrated modulation signal, as shown in
Figure 8. Only two carrier signals with a phase difference of 7 are adopted in each arm, as
shown in Figure 9. The carrier signal of the lower arm is shifted by 71/2 with respect to the
upper arm (the phase difference between carrier 1 and carrier 2 is 7, the phase difference



World Electr. Veh. ]. 2023, 14, 106

8of 19

between carrier 1 and carrier 3 is 7t/2, and the phase difference between carrier 2 and car-
rier 4 is also 7t/2). The carrier signals set on the upper and lower arms are compared with
the corresponding modulated wave integration signals, respectively. The carrier signals are
compared with the corresponding integrated modulation signals of the upper and lower
arms, respectively. Finally, the comparison results are superposed with the segment and
zone number to generate the number of sub-modules needed to be switched in for the
upper and lower arms. Then, the driving pulse of each sub-module is generated.

VAu i w
Vi

C
d ++ Nau
carrierl | =
- [ 2 " +
T 1 .
carrier2
0 )

Wt =
upper arm
lower arm
carrier3
1 .
+ £ carrierd
0 > >
N
VAl
Vdc

Figure 7. The block diagram of the improved modulation method.

A upper arm A lower arm

Figure 8. The integrated modulation signals.

A carrierl carrier2 carrier3 carrier4

vt

upper arm wt lower arm wt
Figure 9. The carrier signals.

4. Circulating Current Suppression Strategy

For the three-phase MMC with N sub-modules in each arm, the phase voltage will
appear at the N+1 voltage level if the total number of switched-in sub-modules in each
phase remains N. If the total number of switched-in sub-modules changes among N—1,
N, and N+1, the phase voltage will appear at the 2N+1 voltage level. Taking N = 4 as an
example, the output-phase voltage of the 2N+1 modulation method is shown in Figure 10.
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The relationship between the total number of switched-in sub-modules and the output-
phase voltage level is shown in Table 2. It follows that the switching states generated by
its 2N+1 modulation strategy consist of non-redundant switching states and redundant
switching states. When the number of phase voltage levels on the output side of the MMC
system is 0, 2, 4, 6, or 8 even levels, only one switch state type can generate that phase
voltage level and a total of four sub-modules are put into the phase arm. When the number
of phase voltage levels on the output side of the MMC system is 1, 3, 5, or 7 odd levels,
there are two switching state types to generate that phase voltage level and a total of three
or four sub-modules are put into the phase arm. Therefore, for the even output voltage
level, N sub-modules are switched in for each phase. While for the odd output voltage
level, the N+1 or N—1 sub-modules are switched in for each phase. Thus, there is only one
switching state corresponding to even output voltage level and there are two switching
states corresponding to the odd output voltage level. The DC-side equivalent circuit of the
MMC is shown in Figure 11. The circulating current will increase if the N—1 sub-modules
are switched in. The circulating current will decrease if the N+1 sub-modules are switched
in. Thus, the circulating current can be controlled by the above two switching states.

4 Level

t

[

Figure 10. The output-phase voltage of the 2N+1 modulation method.

Table 2. The relationship between the total number of switched-in sub-modules and the output-phase
voltage level.

Phase Voltage Level Input of Sub-Module Input of Sub-Module Input of Sub-Module
& Number of Upper Arm Number of Lower Arm Number of Phase Leg

0 4 0 4

1 3 0 :

3 2 5

3 > . ;

5 0 3 ;

6 1 3 4

7 0 3 :

8 0 4 4
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Y'Y Y

(b)

Figure 11. The DC-side equivalent circuit of the MMC. (a) N—1 sub-modules are switched in for
phase A, (b) N+1 sub-modules are switched in for phase A.

The instantaneous power of the upper and lower arms can be expressed as:

\fvdc 1IN

PAu = _7\@"%‘/&1‘* cos ¢ + cos(a}t +¢)
—% cos(2wt + q)) LiirA (12)
- mszdC icira cos(wt)

PAl = —7\@7"‘*8‘/““11* cos g — deCIA cos(wt +¢)
- % cos (2wt + qo) A (13)

+ mAZVdC icira cOs(wt)

For MMC, the circulating current only contains even order harmonic components.
Moreover, the second order harmonic component accounts for a large proportion [24]. The
circulating current can also be expressed as:

icirA = IcirA_dc + \/ilcirA_Z Ccos (2(‘Jt + 6) (14)

where I ;o 4c is the DC component of the circulating current, and Iz » and 6 are the
RMS value and the phase of the second order harmonic component of the circulating
current, respectively.

In order to suppress the circulating current, the reference value of the circulating
current can be set to the value of the DC component. Meanwhile, to ensure the power
balance between the DC side and the AC side of the MMC, the DC component of the
instantaneous power of the arm should be kept at zero [25]. Therefore, the reference value
of the circulating current can be derived as:

%
lcirA_suppressing

lcirA_suppressing 4

Taking the A-phase as an example, the block diagram of the circulating current sup-
pression strategy based on the improved 2N+1 pulse-width modulation approach is shown
in Figure 12. Based on the modulation signals of the upper and lower arms, the num-
ber of sub-modules that need to be switched in is determined by the improved carrier
phase-shifted 2N+1 modulation method. The circulating current can be adjusted to its
reference value iy 5 ¢, by the redundant switching state (N+1 or N—1 sub-modules are
switched in). i ¢, CONsists of a reference component i\ 1a1ane e generated by the MMC
internal energy balance control [26] and a reference component i¥; ., _suppressing aimed at
suppressing the circulating current. That is, when the voltage level is at the redundant level
and icira < iGpa sums the N—1 sub-modules are selected to be put into the phase, so that the
circulating current inside the topology rises; conversely, when the voltage level is at the
redundant voltage level and iz a > 1%, sum’ the N+1 sub-modules are selected to be put
into the phase, so that the circulating current inside the topology falls and, finally, after
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the capacitor voltage sequencing algorithm, the trigger pulse is applied to the modular
multilevel converter. In particular, the capacitor voltage sorting algorithm [27] in this block
diagram, the most widely used method for balancing the capacitive voltage of sub-modules,
determines the specific sub-modules to be put into the bridge arm by sorting the capacitive
voltage of all sub-modules in the arm and determining the number of sub-modules to
be put into the arm at the present time, as well as the direction of the arm current. The
purpose of this is that when the arm current is positive, the sub-module with the lower
capacitor voltage is engaged for a longer period of time to charge the capacitor, while when
the arm current is negative, the sub-module with the higher capacitor voltage is engaged
for a longer period of time to discharge the capacitor.

VAu
Nau
improved .
carrier phase
shifted Level
. +
modulation
VAl Nai
L NAu Capacitor _"mu-L‘
Redundant Vglta o 1
level N a8 MMC
Al sorting
chosen .
algorithm 4
icirA 1
—’
+
icirAfba.la.nce lcirAfsuppressing
MMC internal energy & \/Em wlla
balance control IOV 4 Cos@

Figure 12. The block diagram of the circulating current suppression strategy based on the improved
2N+1 pulse-width modulation approach.

5. Experimental Verification

To verify the performance of the circulating current suppression strategy of the MMC
based on the improved 2N+1 pulse-width modulation approach, the simulation models
of the three-phase MMC system were developed in MATLAB/Simulink. In addition, the
experimental prototype of the three-phase MMC system was designed and developed in
the laboratory. The Canadian Opal-RT® rapid prototyping system OP5700 was adopted
as the controller and the Switzerland Imperix® PEH2015 power electronic building block
was used to compose the MMC (N = 4), as shown in Figure 13. The load condition was set
as a simple resistor-inductor (R-L) (resistor-inductor) load. Based on the instantaneous
power of the upper and lower arms, it is known that the control performance of the MMC
depends on the power factor and, therefore, the simulations and experiments with the
proposed 2N+1 pulse-width modulation method and the conventional carrier phase-shifted
2N+1 pulse-width modulation method are carried out under different load power factor
conditions. The parameters for the simulations and experiments are shown in Table 3.
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] Switching and sampling circuit

Figure 13. The prototype of the Opal-RT® OP5700 driven MMC.

Table 3. The simulation and experimental parameters.

Parameters Simulation Experiment
DC-side voltage V4./V 800 200
Number of SMs per arm N 8 4
Sub-module capacitance C/mF 5.04 5.04
Arm inductance Ly/mH 2 1
Load resistance R/ Q) 5 5
Load inductance L/mH 5/20 5/20
Rated frequency f/Hz 50 50
Carrier frequency f./kHz 2 2
Voltage modulation index m 0.9 0.8
Load power factor cosg 0.954/0.623 0.954/0.623

To demonstrate the simplicity of the implementation of the proposed 2N+1 pulse-
width modulation method, the MMC simulations were developed using the parameters
for simulation in Table 3. When the arm is used with eight sub-modules, the proposed
method requires only two differently phased carriers compared to the conventional carrier
phase-shifted modulation method, which requires eight differently phased carriers, thus
the control complexity of the system is reduced.

The circulating current, i, a, of the proposed method and the conventional method under
different load power factor conditions are shown in Figures 14 and 15. For cos¢g = 0.954, the
simulated ripples of the circulating current are 8.1 A and 41 A for the proposed method and the
conventional method, respectively. For cos¢ = 0.623, the simulated ripples of the circulating
current are 6.2 A and 16.5 A for the proposed method and the conventional method, respectively.
It is clear that the proposed method can suppress the circulating current effectively.

The output line voltage vap, the output-phase voltage va, and the output current is
of the proposed method and the conventional method under different load power factor
conditions are shown in Figures 16 and 17. As the arm contains eight sub-modules, the
number of levels in the output-phase voltage waveform under the 2N+1 modulation is
17 levels for m = 0.9. If the total harmonic distortion rate of the output current is used as the
evaluation standard for the MMC output waveform, the total harmonic distortion of the
output current Ityp for the proposed method and the conventional method under different
load power factor conditions are shown in Figures 18 and 19. The Ityp of the proposed and
the conventional methods are approximately the same. This demonstrates the similarity in
the output performance between the proposed modulation method and the conventional
modulation method.
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Figure 14. Simulated waveform of the circulating current fluctuation at cosg = 0.954 (N = 8). (a) The

proposed modulation method, (b) the conventional modulation method.
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Figure 15. Simulated waveform of the circulating current fluctuation at cosg = 0.623 (N = 8). (a) The

proposed modulation method, (b) the conventional modulation method.
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Figure 16. Experimental output waveforms of the converter at cosg = 0.954 (N = 8). (a) The proposed
modulation method, (b) the conventional modulation method.
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Figure 17. Experimental output waveforms of the converter at cosp = 0.623 (N = 8). (a) The proposed
modulation method, (b) the conventional modulation method.
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Figure 18. The total harmonic distortion of the output current at cosp = 0.954 (N = 8). (a) The
proposed modulation approach, (b) the conventional modulation approach.
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Figure 19. The total harmonic distortion of the output current at cosgp = 0.623 (N = 8). (a) The
proposed modulation approach, (b) the conventional modulation approach.

Furthermore, the proposed method was verified through the experimental prototype
of the three-phase MMC system. The circulating current 7o of the proposed method
and the conventional method under different load power factor conditions are shown in
Figures 20 and 21. For cos@ = 0.954, the ripples of the circulating current are 3.8 A and
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5.8 A for the proposed method and the conventional method, respectively. For cosg = 0.623,
the ripples of the circulating current are 3.4 A and 4.4 A for the proposed method and the
conventional method, respectively. It is obvious that the proposed method uses redundant
switching states with the 2N+1 modulation to regulate the circulating current of the MMC
with its reference value in order to achieve the effect of suppressing the circulating current
fluctuations at different load power factors.
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Figure 20. Experimental waveform of the circulating current fluctuation at cosg = 0.954 (N = 4).
(a) The proposed modulation method, (b) the conventional modulation method.
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Figure 21. Experimental waveform of the circulating current fluctuation at cos¢ = 0.623 (N = 4).
(a) The proposed modulation method, (b) the conventional modulation method.

To demonstrate the similarity between the proposed modulation method and the
conventional modulation method, the experimental output waveforms of the two methods
for different power factor conditions are shown in Figures 22 and 23. As can be seen, for
m = 0.8, the output-phase voltage of the carrier phase-shifted 2N+1 modulation method has
nine voltage levels. Thus, the output current is an undistorted sinusoidal waveform. For
different load power factors, the ITyp of the proposed and the conventional methods are
approximately the same, as shown in Figures 24 and 25. This proves that the proposed mod-
ulation method presents an identical performance to the conventional modulation method.
Thus, the proposed method not only reduces the circulating current, but also ensures the
quality of the output waveform, the advantages of which are shown in Tables 4 and 5.
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Figure 22. Experimental output waveforms of the converter at cosg = 0.954 (N = 4). (a) The proposed
modulation method, (b) the conventional modulation method.
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Figure 23. Experimental output waveforms of the converter at cosp = 0.623 (N = 4). (a) The proposed
modulation method, (b) the conventional modulation method.
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Figure 24. The total harmonic distortion of the output current at cosp = 0.954 (N = 4). (a) The
proposed modulation approach, (b) the conventional modulation approach.
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Figure 25. The total harmonic distortion of the output current at cosp = 0.623 (N = 4). (a) The
proposed modulation approach, (b) the conventional modulation approach.

Table 4. Features of the different approaches at cosg = 0.954.

Simulation (N = 8) Experiment (N = 4)
Features The Proposed The Conventional The Proposed The Conventional
Approach Approach Approach Approach
Number of carriers 5 8 5 4
per arm
Circulating current
. 81A 41 A 3.8 A 58 A
fluctuation
ItTaD 0.92% 0.90% 1.68% 1.64%
Table 5. Features of the different approaches at cos¢ = 0.623.
Simulation (N = 8) Experiment (N = 4)
Features The Proposed The Conventional The Proposed The Conventional
Approach Approach Approach Approach
Number of carriers 2 8 5 4
per arm
Circulating current
. 62 A 16.5 A 34A 44 A
fluctuation
ItTaD 0.28% 0.25% 1.07% 1.02%

6. Conclusions

This paper discusses and investigates carrier-based pulse-width modulation methods
and circulating current suppression strategies for MMC applications, and proposes an
improved 2N+1 pulse-width modulation approach with circulating current suppression.
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First of all, the improved 2N+1 pulse-width modulation approach allows the number of
carrier signals to be decoupled from the number of sub-modules in the arm, in other words,
for any number of sub-modules, the number of carrier signals used in each arm is always
two. Secondly, the circulating current is controlled by different redundant switching states
of the 2N+1 pulse-width modulation approach, eliminating the need for an additional
circulating current controller. Compared with the conventional method, the complexity
of the proposed method is reduced. At the same time, the improved approach also has
some limitations, such as this approach cannot be controlled independently for each
sub-module, and must be combined with the capacitor voltage sequencing algorithm to
achieve uniform power distribution among the sub-modules and to suppress the purpose
of the circulating current. Finally, the effectiveness of the proposed method is verified
through simulations and experimental prototypes on RT-Lab under different working
conditions. The simulation and experimental results show that the proposed method not
only suppresses the circulating currents effectively, but also preserves the output waveform
quality of the carrier phase-shifted 2N+1 pulse-width modulation approach.
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Nomenclature
MMC Modular multilevel converter

CPSPWM Carrier phase-shifted pulse-width modulation
APODPWM  Alternative phase opposition disposition pulse-width modulation

HBSM Half bridge sub-module

Ly Arm inductance

Ve DC-link voltage

Uy Output-phase voltage (x € {A, B, C})

Iy Output current

Uy Voltage of upper arm

() Voltage of lower arm

iy Current of upper arm

iy Current of lower arm

Usm Output voltage of the sub-module

Ucap Capacitance voltage of the sub-module

N The total number of sub-modules in the arm
Va The RMS value of A-phase output-phase voltage
Ip The RMS value of A-phase output current
UAB The output line voltage of phase A and B

Va Amplitude of A-phase output-phase voltage
m Voltage modulation index

KVL Kirchhoff’s voltage law
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