
Citation: Chen, Y.; Song, S.; Liao, Z.;

Luo, D.; Lin, D.; Wei, D. A New

Carrier Phase-Shift Modulation

Based on Switching the Displacement

Angle. Energies 2022, 15, 7954.

https://doi.org/10.3390/en15217954

Academic Editor: Nicu Bizon

Received: 27 September 2022

Accepted: 21 October 2022

Published: 26 October 2022

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2022 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

energies

Article

A New Carrier Phase-Shift Modulation Based on Switching the
Displacement Angle
Yugang Chen 1, Shuxiang Song 1,*, Zhixian Liao 1,*, Dan Luo 2, Dong Lin 1 and Duqu Wei 1

1 Faculty of Electronic Engineering, Guangxi Normal University, Guilin 541000, China
2 Institute of Technology, Guilin University, Guilin 541000, China
* Correspondence: songshuxiang@mailbox.gxnu.edu.cn (S.S.); zhixianliao@mailbox.gxnu.edu.cn (Z.L.)

Abstract: In this paper, a new carrier phase-shift (CPS) modulation method based on switching the
displacement angle (SDA) is proposed to compromise the harmonic content of the output voltage
and the circulating current. It can be used in medium- and low-voltage applications where the
AC-side voltage and DC-side current of the modular multilevel converter (MMC) are required
to have low harmonic content simultaneously. In this proposed SDA-based CPS modulation, the
carrier displacement angle of the MMC with N submodules in each arm is periodically switched
between the values of 0 and π/N degrees, so that the harmonic content of the output voltage and the
harmonic content of the circulating current will not be in extreme conditions, which occurs when the
displacement angle is set to 0 or π/N degrees. The effectiveness of this method has been verified by
simulation and experimental results.

Keywords: modular multilevel converter (MMC); carrier phase-shift (CPS) modulation; output
voltage harmonic content; circulating current harmonic content

1. Introduction

With the wide application of wind power generation, photovoltaic power generation
and the development of distributed generation, the application of power electronic devices
such as voltage source converters (VSCs) is also increasing [1]. An MMC is one form of
VSCs, and it was first proposed by R. Marquart in 2003 [2]. Compared with other VSC
topologies, such as the two-level converter and three-level converter, the MMC has the
advantages of better power quality and the flexible expansion of the system voltage and
power level by increasing the number of submodules [3]; thus, it has become a research
hotspot in the field of power electronics in recent years [4], which can be seen from its
application and research in battery energy storage systems [5,6], DC ice melting [7,8], motor
drives [9,10], unified power flow controllers [11,12] and solid-state transformers [13,14].
With the concept of Global Energy Interconnection proposed [15], MMCs have been more
widely used in the field of flexible DC transmission by virtue of their advantages.

The modulation technology of multilevel converters has undergone a series of devel-
opments. The common ones are space vector modulation [16,17], nearest level modula-
tion [18,19], phase-disposition level-shifted modulation [20,21], CPS modulation [22,23]
and so on. Among them, CPS modulation is widely used and studied in MMC applications
in the medium- and low-voltage fields because it has the advantage that when the number
of MMC submodules is small, the output voltage waveform can have a high equivalent
switching frequency and low harmonic distortion, and the switching frequency of each
submodule can be kept consistent.

Some research has shown that the digital realization of the modulation may have a
significant impact on the harmonics, e.g., [24,25]. With the deepening of CPS research, more
and more attention is being paid to the harmonic content of MMCs under CPS modulation
to further improve the output power quality and ensure the stability and safety of the
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power grid. Reference [26] analyzes the harmonic characteristics of the output voltage
and the circulating current when the CPS modulation method is applied to an MMC, and
theoretically obtains the value of the displacement angle to minimize the harmonic content
of the output voltage or the circulating current. However, when we set the displacement
angle to one of the two angles, either the output voltage or the circulating current of
the MMC has a serious harmonic problem, whereas the other is relatively mild. The
higher harmonics in the operation of MMCs often have a negative impact on the electrical
equipment [27]. Therefore, it is necessary to make a compromise between the two to achieve
performance balance. An SDA-based CPS modulation method is proposed in this paper,
which realizes the compromise between the minimization of output voltage harmonics and
the cancellation of circulating current harmonics.

2. Principal of CPS Modulation for MMC
2.1. Basic Topology of MMC

The basic topology of an MMC is shown in Figure 1, which contains three phases
(A, B and C). Each phase includes an upper arm and a lower arm with N submodules
(SM). Figure 1b can be used to represent the equivalent circuit of phase j (j = A, B, C) in
the MMC, where L represents the arm inductance, uoj represents the output AC voltage of
phase j, icj represents the circulating current of phase j, and all submodules of the upper
and lower arms are equivalent to the AC voltage sources uuj and ulj, respectively. Since
the submodule of the MMC usually adopts a half-bridge circuit, the submodule involved
in this paper adopts a half-bridge circuit structure [28]. As shown by the dashed box in
Figure 1a, the driving signals of the two IGBTs (S1 and S2) of the half-bridge submodule are
a pair of complementary high-level and low-level signals.
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Figure 1. (a) Basic topology of MMC and (b) equivalent circuit of phase j. 

 

2.2. CPS Modulation and Harmonic Analysis 

Figure 1. (a) Basic topology of MMC and (b) equivalent circuit of phase j.

2.2. CPS Modulation and Harmonic Analysis

In the CPS modulation method discussed in this paper, the driving signal of each
submodule is a pair of complementary sinusoidal pulse-width modulation (SPWM) signals,
which is obtained by comparing a sinusoidal reference signal whose angular frequency is ω
with a triangular carrier signal whose angular frequency is ωc (its frequency is f c). Figure 2
is a schematic diagram of the CPS-PWM of the MMC. M is the modulation index. In CPS
modulation, each submodule has its own corresponding triangular carrier signal. For the
triangular carrier of each submodule of the same arm, there will be a phase difference of
2π/N between the former and the latter. At the same time, there is a phase difference of
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θ between the carriers of the submodules at the same position in the upper arm and the
lower arm, which is called the carrier displacement angle.
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Reference [26] analyzes the harmonic characteristics of uoj and icj in Figure 1a through
CPS modulation on the premise of ignoring the low-order harmonics of the capacitor
voltage and arm current. The analysis results show that:

uoj =
1
2
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∞
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In the above formula, m represents the multiple of the frequency of the triangular
carrier (m = 1, 2, . . . ), and n represents the multiple of the frequency of the sinusoidal
reference signal (n = . . . , −1, 0, 1, . . . ). From Equations (1) and (2), it can be seen that the
harmonic frequency of uoj and icj is an integral multiple of N times of the carrier frequency.
If the amplitudes of each harmonic of the (Nm)th harmonic group in output voltage uoj and
circulating current icj are defined as V̂mn and Îmn respectively, then:

V̂mn = Kmn ×
∣∣∣∣cos

Nm(θ − π)

2

∣∣∣∣ (3)

Îmn = Hmn ×
∣∣∣∣sin

Nm(θ − π)

2

∣∣∣∣ (4)

According to Equations (3) and (4), θ will have a great impact on the amplitude of
harmonic components of the output voltage and the circulating current, which is deeply
analyzed in reference [26].
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2.3. Selection of Displacement Angle of Carrier Wave with Minimum Output Voltage Harmonic or
Cancellation of Circulating Current Harmonic

According to [26], when N is odd and θ is π/N, or N is even and θ is 0, the MMC circu-
lating current harmonic is the smallest, and at this time, the amplitude of each harmonic of
each circulating current harmonic group is 0:

Îmn = 0 (5)

At the same time, the amplitude of each harmonic of the output voltage reaches the
maximum value:

V̂mn = Kmn (6)

when N is odd and θ is 0, or N is even and θ is π/N, the output voltage harmonic of MMC
is the minimum, and the output voltage can be expressed as follows:

uoj =
1
2

MUdc cos(ωt + δj) +
∞

∑
m=1

∞

∑
n=−∞

(−1)Nm+nUdc
mπN

J2n+1−2Nm(MNmπ) cos(2Nmωct + Q′) (7)

It can be seen that at this time, the frequency of the lowest harmonic group of uoj
rises to 2Nf c. In this case, the even harmonic groups of both the output voltage and the
circulating current are consistent with the previous case. However, all harmonics of the
odd multiple harmonic groups of the output voltage are eliminated:

V̂mn = 0, m = 1, 3, 5 (8)

and each harmonic amplitude of the odd multiple harmonic group of the circulating current
reaches the maximum value:

Îmn = Hmn, m = 1, 3, 5 (9)

3. SDA-Based CPS Modulation

According to Section 2, we know that no matter if θ is 0 or π/N, there is always one
harmonic characteristic between the output voltage and the circulating current that is the
best and one that is the worst. If we do not want the output voltage or the circulating
current to have the worst harmonic characteristics, we can change θ periodically between
two fixed values. This is called SDA-based CPS modulation. We can define the switching
period of θ as an integer multiple of the period of the carrier, and the multiple is defined
as n. In Figure 3, the triangular carrier of a submodule in the lower arm is taken as an
example to visually describe the time-domain performance of the carrier when SDA-based
CPS modulation is adopted. On the left side of Figure 3, the waveform in the middle
represents the carrier of the upper arm’s submodule, and the upper and lower parts of it
are the carriers of the lower arm’s submodule when θ = 0 and θ = π/N. The waveform on
the right side of Figure 3 is the carrier of the lower arm’s submodule when θ is switched
periodically. When the displacement angle is switched periodically, the displacement angle
of the first and second periods of the carrier is 0. At the end of the second carrier period,
since the displacement angle is switched from 0 to π/N, the lower-arm triangular carrier
waveform will quickly advance the original phase by π/N while continuing to maintain
two carrier periods, and then the displacement angle will return to 0. The above process
will be repeated continuously.
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Based on the conclusion in Section 2, at this time, the even harmonic group amplitudes
of the output voltage and the circulating current are at the maximum and minimum values,
respectively, whereas their odd harmonic group amplitudes will be compromised between
the maximum and minimum values:

0 < Îmn < Hmn, m= 1, 3, 5 (10)

0 <V̂mn < Kmn, m= 1, 3, 5 (11)

It can be seen that the amplitude of each harmonic of all odd times of harmonic groups
of the output voltage and the circulating current will not be the worst case. According
to [26], the DC-side current and circulating current have the following relationship:

idc= ∑
j=a,b,c

icj (12)

Therefore, this method realizes the balanced regulation of the DC-side current quality
and the AC-side voltage quality.

4. Simulation Result
4.1. Simulation Platform and Relevant Parameters

In order to verify the effect of the method described in Section 3, a simulation model
of the MMC is built with the MATLAB/Simulink platform, and the time-domain wave-
form and spectrum diagram of the output voltage and the circulating current under the
conditions of θ = 0, θ = π/N and SDA-based CPS modulation being adopted are analyzed.
The specific parameters of the MMC simulation model are shown in Table 1.
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Table 1. Parameter table of MMC simulation model.

Parameter Name Parameter Value

Number of submodules on one arm 3
DC voltage 300 V

Reference voltage frequency 50 Hz
Rated voltage of submodule 100 V
Capacitance of submodule 0.001867 F

Arm inductance 0.0008 H
Triangular carrier frequency 1000 Hz

Modulation index 0.87

4.2. Comparative Experiment with Simulation

When the traditional CPS modulation method is applied, the carrier displacement
angle is usually fixed at 0 or π/N degrees [29–31]. In this section, the effect of SDA-based
CPS modulation is analyzed, and compared with the traditional CPS modulation method
that fixes the carrier displacement angle to be above two specific angles.

First, the triangular carriers in the above three cases should be generated. Figure 4
shows a comparison diagram of the triangular carrier of the first submodule of the upper
arm and the triangular carrier of the first submodule of the lower arm of phase A in the case
of SDA-based CPS modulation being adopted, where θ is switched every five triangular
carrier periods (n = 5). As can be seen from Figure 4, in the first to fifth carrier periods,
θ is 0. At the end of the fifth carrier period, since θ is switched from 0 to π/N, the waveform
will be ahead of the original phase by π/N, and will continue to maintain five carrier
periods; then, θ will return to 0. This process will be repeated continuously. Compare the
carrier wave when θ = 0, θ = π/N and SDA-based CPS modulation is adopted with the
reference signal to obtain the switch drive signal of each submodule, and generate the
output voltage and the circulating current of phase A in the above three cases, as shown in
Figures 5–7, respectively.

Energies 2022, 15, x FOR PEER REVIEW 6 of 15 
 

 

Table 1. Parameter table of MMC simulation model. 

Parameter Name Parameter Value 
Number of submodules on one arm 3 

DC voltage 300 V 
Reference voltage frequency 50 Hz 
Rated voltage of submodule 100 V 
Capacitance of submodule 0.001867 F 

Arm inductance 0.0008 H 
Triangular carrier frequency 1000 Hz 

Modulation index 0.87 

4.2. Comparative Experiment with Simulation 
When the traditional CPS modulation method is applied, the carrier displacement 

angle is usually fixed at 0 or π/N degrees [29–31]. In this section, the effect of SDA-based 
CPS modulation is analyzed, and compared with the traditional CPS modulation method 
that fixes the carrier displacement angle to be above two specific angles. 

First, the triangular carriers in the above three cases should be generated. Figure 4 
shows a comparison diagram of the triangular carrier of the first submodule of the upper 
arm and the triangular carrier of the first submodule of the lower arm of phase A in the 
case of SDA-based CPS modulation being adopted, where θ is switched every five trian-
gular carrier periods (n = 5). As can be seen from Figure 4, in the first to fifth carrier peri-
ods, θ is 0. At the end of the fifth carrier period, since θ is switched from 0 to π/N, the 
waveform will be ahead of the original phase by π/N, and will continue to maintain five 
carrier periods; then, θ will return to 0. This process will be repeated continuously. Com-
pare the carrier wave when θ = 0, θ = π/N and SDA-based CPS modulation is adopted 
with the reference signal to obtain the switch drive signal of each submodule, and gener-
ate the output voltage and the circulating current of phase A in the above three cases, as 
shown in Figures 5–7, respectively. 

θ=0 θ=π/N

t(s)

t(s)

0

0

1

1

C
ar

rie
r o

f t
he

 
fir

st 
su

b-
m

od
ul

e 
of

 
lo

w
er

 a
rm

 o
n 

ph
as

e 
A

C
ar

rie
r o

f t
he

 
fir

st 
su

b-
m

od
ul

e 
of

 
up

pe
r a

rm
 o

n 
ph

as
e 

A

θ=0 θ=π/N

0.005s 0.01s 0.015s 0.02s

0.005s 0.01s 0.015s 0.02s  
Figure 4. Comparison diagram of upper- and lower-arm carriers when SDA-based CPS modulation 
is adopted. 
Figure 4. Comparison diagram of upper- and lower-arm carriers when SDA-based CPS modulation
is adopted.



Energies 2022, 15, 7954 7 of 14Energies 2022, 15, x FOR PEER REVIEW 7 of 15 
 

 

Output voltage of phase A 

Circulating current of 
phase A

0
-50

-100
-150
-200
-250

50
100
150
200
250

t(s)

t(s)

0.05 0.1 0.15 0.2 0.25

0.05 0.1 0.15 0.2 0.25

0

-5
-10

-15
-20

5

10

15
20

0

0

U/V

I/A

 
Figure 5. Waveform of the output voltage and the circulating current of phase A when θ = 0. 

Output voltage of phase A 

Circulating current of 
phase A

0
-50

-100
-150
-200
-250

50
100
150
200
250

t(s)

t(s)

0.05 0.1 0.15 0.2 0.25

0.05 0.1 0.15 0.2 0.25

0

-5
-10

-15
-20

5

10

15
20

0

0

U/V

I/A

 
Figure 6. Waveform of the output voltage and the circulating current of phase A when θ = π/N. 

Figure 5. Waveform of the output voltage and the circulating current of phase A when θ = 0.

Energies 2022, 15, x FOR PEER REVIEW 7 of 15 
 

 

Output voltage of phase A 

Circulating current of 
phase A

0
-50

-100
-150
-200
-250

50
100
150
200
250

t(s)

t(s)

0.05 0.1 0.15 0.2 0.25

0.05 0.1 0.15 0.2 0.25

0

-5
-10

-15
-20

5

10

15
20

0

0

U/V

I/A

 
Figure 5. Waveform of the output voltage and the circulating current of phase A when θ = 0. 

Output voltage of phase A 

Circulating current of 
phase A

0
-50

-100
-150
-200
-250

50
100
150
200
250

t(s)

t(s)

0.05 0.1 0.15 0.2 0.25

0.05 0.1 0.15 0.2 0.25

0

-5
-10

-15
-20

5

10

15
20

0

0

U/V

I/A

 
Figure 6. Waveform of the output voltage and the circulating current of phase A when θ = π/N. Figure 6. Waveform of the output voltage and the circulating current of phase A when θ = π/N.



Energies 2022, 15, 7954 8 of 14Energies 2022, 15, x FOR PEER REVIEW 8 of 15 
 

 

Output voltage of phase A 

Circulating current of 
phase A

0
-50

-100
-150
-200
-250

50
100
150
200
250

t(s)

t(s)

0.05 0.1 0.15 0.2 0.25

0.05 0.1 0.15 0.2 0.25

0

-5
-10

-15
-20

5

10

15
20

0

0

U/V

I/A

 
Figure 7. Waveform of the output voltage and the circulating current of phase A when SDA-based 
CPS modulation is adopted. 

As shown in Figure 5, when the output voltage harmonics are eliminated, the higher-
order harmonics of the circulating current are obvious. When the circulating current har-
monic is minimized, as shown in Figure 6, the circulating current is significantly 
smoother, but the output voltage is rougher than that in Figure 5. In Figure 7, the circulat-
ing current is obviously characterized by half being smoother and the other half contain-
ing more high-order harmonics. The circulating current is smoother when θ = π/N, and 
has more burrs when θ = 0. In Figure 7, the roughness of the output voltage is between 
that of Figures 5 and 6. 

Figure 8a–c shows the frequency spectrums of the circulating current and the output 
voltage of phase A in the case of θ = π/N, θ = 0 and SDA-based CPS modulation being 
adopted, respectively. As can be seen from Figure 8b, under the condition of output har-
monic elimination, the output voltage has a peak with a maximum amplitude of about 7 
V at the frequency 2Nfc (6000 Hz), whereas the circulating current has a peak with a max-
imum amplitude of about 1.2 A at the frequency Nfc (3000 Hz). As can be seen from Figure 
8a, under the condition of the circulating current harmonic cancellation, the output volt-
age has a peak with a maximum amplitude of 21 V at frequency Nfc, whereas the ampli-
tude at each frequency point of the circulating current is very small. As can be seen from 
Figure 8c, in the case of SDA-based CPS modulation being adopted, the output voltage 
has a peak with a maximum amplitude of 14 V at frequency Nfc, whereas the amplitude 
and density of the spectrum near that frequency point are less than θ = π/N and bigger 
than θ = 0. The circulating current has a peak with a maximum amplitude of 0.9 A at the 
frequency Nfc, whereas the amplitude and density near this frequency point are less than 
θ = 0 and bigger than θ = π/N. The simulation results are consistent with the expression 
of Equations (10) and (11) and meet the expected results. In order to demonstrate whether 
n will affect the conclusion, this paper uses the simulation platform to test the maximum 
amplitude of the circulating current and the output voltage near the frequency Nfc of 
phase A when n is changed from 1 to 9, as shown in Table 2. 

Figure 7. Waveform of the output voltage and the circulating current of phase A when SDA-based
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As shown in Figure 5, when the output voltage harmonics are eliminated, the higher-
order harmonics of the circulating current are obvious. When the circulating current har-
monic is minimized, as shown in Figure 6, the circulating current is significantly smoother,
but the output voltage is rougher than that in Figure 5. In Figure 7, the circulating current
is obviously characterized by half being smoother and the other half containing more
high-order harmonics. The circulating current is smoother when θ = π/N, and has more
burrs when θ = 0. In Figure 7, the roughness of the output voltage is between that of
Figures 5 and 6.

Figure 8a–c shows the frequency spectrums of the circulating current and the output
voltage of phase A in the case of θ = π/N, θ = 0 and SDA-based CPS modulation being
adopted, respectively. As can be seen from Figure 8b, under the condition of output
harmonic elimination, the output voltage has a peak with a maximum amplitude of about
7 V at the frequency 2Nf c (6000 Hz), whereas the circulating current has a peak with a
maximum amplitude of about 1.2 A at the frequency Nf c (3000 Hz). As can be seen from
Figure 8a, under the condition of the circulating current harmonic cancellation, the output
voltage has a peak with a maximum amplitude of 21 V at frequency Nf c, whereas the
amplitude at each frequency point of the circulating current is very small. As can be seen
from Figure 8c, in the case of SDA-based CPS modulation being adopted, the output voltage
has a peak with a maximum amplitude of 14 V at frequency Nf c, whereas the amplitude
and density of the spectrum near that frequency point are less than θ = π/N and bigger
than θ = 0. The circulating current has a peak with a maximum amplitude of 0.9 A at the
frequency Nf c, whereas the amplitude and density near this frequency point are less than
θ = 0 and bigger than θ = π/N. The simulation results are consistent with the expression of
Equations (10) and (11) and meet the expected results. In order to demonstrate whether
n will affect the conclusion, this paper uses the simulation platform to test the maximum
amplitude of the circulating current and the output voltage near the frequency Nf c of phase
A when n is changed from 1 to 9, as shown in Table 2.
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(b) θ = 0 or (c) SDA-based CPS modulation is adopted.

Table 2. The maximum amplitude of the circulating current and the output voltage near frequency
Nf c change with θ.

θ
The Maximum Amplitude of the

Circulating Current Near Frequency Nfc

The Maximum Amplitude of the
Output Voltage Near Frequency Nfc

θ = 0 1.2 A 1.5 V
θ = π/N 0.005 A 21 V

n = 1 0.6 A 10.5 V
n = 2 0.6 A 12 V
n = 3 0.6 A 9.55 V
n = 4 0.6 A 11.6 V
n = 5 0.9 A 14 V
n = 6 0.6 A 10.5 V
n = 7 0.6 A 9.8 V
n = 8 0.6 A 10.5 V
n = 9 0.6 A 10.5 V

From Table 2, we can see that when n is different, the maximum amplitude of the
circulating current and the output voltage near frequency Nf c of phase A will also be different,
but the simulation results are consistent with the description of Equations (10) and (11).

5. Verification with MMC Prototype

Considering the advantages and disadvantages of DSP and FPGA [32], an MMC
experimental platform based on DSP-FPGA is built, and the feasibility of the method
described in Section 3 is further verified by using the experimental platform. The main
structure of the experimental platform is shown in Figure 9. The left side of Figure 9 is
the main control board, which mainly includes DSP and FPGA. In this experiment, DSP
is mainly responsible for the generation and adjustment of the reference signal, whereas
FPGA is mainly responsible for the generation of carrier and SDA-based CPS modulation.
The right side of Figure 9 is the main part of the MMC system, which consists of three
phases, including the upper arm and the lower arm. Each arm contains six submodules.
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The PWM signal generated by the modulation will be transmitted to each arm through
optical fiber communication, and then, the CPLD on each arm will analyze the signal and
control the six submodules on the arm. The load adopts the star connection method, and
the load resistance connected to the output of each phase is 22 Ω. The experiment was
conducted under 60 V DC voltage. The MMC experimental prototype is shown in Figure 10.

When SDA-based CPS modulation is adopted, the output voltage and output current
of the three phases of the MMC are shown in Figures 11 and 12, respectively. It can be seen
that the MMC can operate normally and stably when using the above modulation methods.

Figure 13a–c shows the frequency spectrums of the output voltage and the circulating
current of phase A in the case of θ = 0, θ = π/N and SDA-based CPS modulation being
adopted (take n = 6 as an example), respectively.
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Figure 12. Waveform of output current of three phases of MMC.
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Figure 13. Experimental frequency spectrum of the output voltage and the circulating current when
(a) θ = 0, (b) θ = π/N or (c) SDA-based CPS modulation is adopted.

Through a comparison, it can be found that when SDA-based CPS modulation is
adopted, the maximum amplitudes of the output voltage and the circulating current near
the frequency Nf c are between the two cases of θ = 0 and θ = π/N, which is consistent with
the expected conclusion.

According to Equation (12), the harmonic content of the circulating current will affect
the harmonic content of the DC-side current. Figure 14a–c shows the frequency spectrums
of the DC-side current in the case of θ = 0, θ = π/N and SDA-based CPS modulation being
adopted, respectively. As shown in Figure 14, when SDA-based CPS modulation is adopted,
the frequency spectrum of the DC-side current is consistent with that of the circulating
current, which further proves that the method realizes the balanced regulation of DC-side
current quality and AC-side voltage quality.
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6. Conclusions

In this paper, a new SDA-based CPS modulation that achieves a compromise between
the output voltage harmonic content and the circulating current harmonic content is pro-
posed. Compared with the existing methods, this method realizes the balanced regulation
of the DC-side current quality and the AC-side voltage quality, which is conducive to
avoiding the risks brought to the power grid by the high-frequency harmonic content of the
DC-side current or AC-side voltage of an MMC, and ensures the stability and safety of the
power grid. It is especially suitable for the medium- and low-voltage application scenarios
where both the DC-side current and the AC-side voltage require low harmonic content.
A simulation and experiments verify the effectiveness and feasibility of this method.
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