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Abstract—This paper proposes a modular multilevel converter 
(MMC)-based control strategy for high-power permanent magnet 
synchronous motors (PMSM), covering both low- and high-speed 
ranges in electric vehicle applications. Specifically, an improved 
hybrid injection method based on phase voltage harmonics is 
introduced. The injection waveform is optimized considering the 
common-mode voltage, high-frequency circulating current, and 
phase voltage to minimize capacitor voltage fluctuations. In ad-
dition, a novel quasi-proportional-resonant (quasi-PR) controller 
based on an enhanced filter is developed to mitigate circulating 
current issues. Experimental results demonstrate that the pro-
posed hybrid injection method effectively suppresses capacitor 
voltage fluctuations, reduces bridge-arm current amplitude, and 
improves system stability. Furthermore, the proposed quasi-PR 
controller achieves lower circulating current and further enhanc-
es system robustness and disturbance rejection capability. 

Index Terms—Circulating current suppression, modular mul-ti-
level converter, permanent magnet synchronous motor, suppression 
of capacitor voltage fluctuations.

I. Introduction

IN light of the accelerated growth of the new energy sector, 
there has been a notable increase in research activity within 

the field of motor drive systems. The utilization of medium-
voltage and high-voltage converters for the speed control of 
high-power permanent magnet synchronous motor (PMSM) 
has the potential to significantly reduce energy consumption, 
enhance the speed control performance and extend the opera-
tional lifespan of the motor [1]. The modular multilevel con-
verter (MMC) exhibits advantageous characteristics, including 
high reliability, high-power quality and high-voltage level [2]. 
These attributes position the MMC as a promising candidate 
for advancement in the domain of high-power motor drive 
systems [3].

MMC application to PMSM control is associated with 
significant capacitor voltage fluctuations during motor startup 

and low-speed operation. This fluctuation results from low load 
current, which causes current imbalance across submodules 
and inefficient capacitor charging. The high switching 
frequency of the MMC converter can further exacerbate 
the issue by introducing ripple currents, increasing voltage 
variations. Minimizing these fluctuations is crucial for stable 
PMSM operation, especially at low speeds. Excessive capacitor 
voltage fluctuations can cause submodule overvoltage, wave-
form distortion, and system instability [4]. In 2010, ABB 
proposed a method [5] and enabled the startup of the induction 
motor [6], which involved injecting high-frequency common-
mode voltage at the AC output side and high-frequency current 
into the three-phase circulating current. [7] proposed an 
adaptive switching frequency control method for carrier phase-
shift modulation, which improves the system’s efficiency by 
dynamically adjusting the switching frequency. This method 
enhances the modulation strategy in the MMC, contributing 
to more stable operation and reduced voltage fluctuation. 
The high-frequency injection method generates common-
mode voltage by injecting high-frequency current through the 
ground capacitor, causing interference between the ground 
and signal lines. This increases bearing wear but effectively 
reduces capacitor voltage fluctuations at low-speed PMSM 
operation by balancing the current across MMC submodules 
and improving energy distribution [8]. [9] proposed a flying-
capacitor MMC (FCMMC) to attain power balance between 
the upper and lower bridge-arms without the injection of a 
common-mode voltage. The concept of the star and delta 
channel MMC was first proposed in [10] and [11] respectively. 
In essence, the full bridge sub-modules were connected to 
the midpoint of the three-phase bridge-arms using star/delta 
connections, injecting high-frequency circulating current by 
generating a regulation voltage. In addition to introducing 
common-mode interference, the high-frequency circulating 
current injected by the high-frequency injection also resulted 
in elevated bridge-arm currents [12]. The injected common-
mode voltage waveform was modified from a sine wave to a 
square-wave, thereby reducing the requisite injected current 
amplitude [13]. [14] employed a delay treatment at the square-
wave mutation and replaced the square-wave with trapezoidal 
waveform. 

Consequently, the low frequency suppression scheme 
based on the high-frequency injection method is more widely 
applicable. However, for constant torque loads, further 
reducing the amplitude of high-frequency circulating currents 
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while suppressing capacitor voltage fluctuations remains an 
area for further study.

As the motor speed increases, the capacitor voltage fluctua-
tion decreases. However, it leads to an increase in circulating 
current, which becomes a more significant issue. Harmonic 
components in circulating currents cause distortion of bridge-
arm currents, increasing current demand and switching losses 
[15]. A novel proportional integral and resonance control was 
devised to achieve the static free tracking of the fundamental 
frequency components and the control of the high-frequency 
harmonic components [16]. [17] integrated fuzzy control with 
traditional PI control, proposing a method based on fuzzy 
adaptive PI control. Furthermore, circulation suppression could 
be achieved by improving the network topology, adjusting 
the modulation strategy, and modelling the network state. 
[18] replaced the half bridge submodule with full bridge sub-
module, allowing the MMC to operate at full power without 
overmodulation. [19] suggested a method based on the use of 
dead band control mechanism.

A number of other scholars have concentrated their efforts on 
providing theoretical guidance for the design and optimiza-
tion of MMC circulation suppression methods. [20] presented 
a method to calculate the circulating current in a synchronous 
rotating coordinate system. [21] proposed an MMC small 
signal modelling method based on harmonic state space 
equations. In [22], a novel DC impedance model was put 
forth to address the deficiencies of the extant MMC DC 
impedance model, which failed to incorporate the internal 
dynamic performance of the MMC. [23] put forth an optimal 
second harmonic component injection strategy while ignoring 
the potential loss imbalance between the submodule power 
devices. However, most of the aforementioned methods neg-
lected the existence of higher-frequency components in the 
circulating current such as the quadruple frequency circulating 
component [24]. Therefore, there has been significant  essential 
to investigate strategies for suppressing circulating currents to 
develop more effective suppression methods.

This paper can be summarized as follows: Section Ⅱ an-
alyses MMC working principle and proposes the improved 
hybrid injection method based on phase voltage harmonic. 
Section Ⅲ presents a novel quasi-PR control circulating cur-
rent suppression strategy based on enhanced adaptive filter. 
Section IV evaluates the simulation results. Section V builds 
an experimental platform to verify the effectiveness of the 
proposed control strategy. Finally, the conclusion and references 
are presented.

II. Improved Hybrid Injection Low Frequency 
Suppression Method Based on Phase Voltage 

Harmonic  

A. MMC Working Principle

Fig. 1 shows the MMC PMSM circuit topology. 
The MMC circuit consists of three-phase units, each 

comprising N submodules and a bridge-arm inductance Larm.
where Udc is the DC side voltage; Idc is the DC side current; 

upj and unj are the upper and lower bridge-arm voltages; ipj and 
inj are the upper and lower bridge-arm currents; isj is the three-
phase current.

Suppose the phase voltage can be expressed as:
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2
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sj sm
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where Usm is the amplitude of the phase voltage; ω is the 
angular frequency; m is the voltage modulation ratio; and the 
specific expression is:
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Assume that the phase current can be expressed as:

 sin( )
sj sm
i I t� �� �                               (3)

where Ism is the amplitude of the phase current and φ is the 
power factor angle of the AC side.

There is current flowing directly through the upper and 
lower bridge-arms during the operation of the MMC. The 
non-fundamental frequency component of this current is 
generally referred to as the circulating current icirj. According 
to Kirchhoff’s current law, the j-phase upper and lower bridge-
arm currents can be expressed as:

2

sj
pj cirj
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where ipj is upper bridge-arm current; inj is the lower bridge-arm 
current. 

B. Dual-Sinusoidal Injection Method

In the double-sine injection method, the injected high-

Fig. 1. MMC and PMSM circuit topology structure
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frequency common-mode voltage ucm and high-frequency 
circulating current icm are written as:

 sin( )
cm cm h

u U t��                                  (6)

 sin( )
cm cm h
i I t��                                   (7)

where Ucm and Icm are the amplitude of high-frequency 
common-mode voltage and circulating current separately; ωh 
is common-mode voltage angular frequency ωh = 2πfh; fh is 
common-mode voltage frequency.

The fundamental frequency component in bridge-arm power 
plow can be expressed as:

2 2[1 sin ( )]
4
dc sj
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U i
p m t� �� � �                   (8)

The amplitude of high-frequency circulating current needed 
to be injected is:
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From (9), Ucm is in inverse proportion to Icm. Since Ucm is 
limited by the duty cycle and Udc, Ucm must meet the following 
requirements to prevent overmodulation:
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The range of K in (10) is 1-1.2. According to (9), when Ucm 
takes the maximum value, Icm can be given by:
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C. Design of Improved Hybrid Injection Method Based on 
Phase Voltage Harmonics

High-frequency square-wave common-mode voltage and 
circulating current injection can improve waveform utilization. 
However, the presence of abundant harmonics necessitates 
tracking both the fundamental frequency ωh and its third 
harmonic 3ωh, thereby imposing stricter requirements on the 
control bandwidth compared to the dual-sinusoidal injection 
method. Moreover, when the square-wave circulating current 
passes through the bridge-arm inductance, it may cause a steep 
voltage spike at the current’s zero-crossing point.

To address these issues, square-wave injection is replaced 
by a combined sinusoidal and third harmonic waveform. To 
address these issues, square-wave injection is replaced by 
a combined sinusoidal and third harmonic waveform. This 
composite waveform not only approximates the square wave to 
retain its high fundamental voltage utilization but also smooths 
the current waveform, thereby reducing voltage spikes across 

the bridge-arm inductance. The third harmonic component 
adjusts the waveform shape to suppress abrupt transitions near 
zero crossings, improving modulation stability and lowering 
the amplitude of the required circulating current. This reduces 
switching stress and enhances converter efficiency under low-
speed conditions.

The injected common-mode voltage ucm and circulating 
current icm are given by:
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In order to increase the speed of command input and to 
reduce the calculation session time, the look-up table method 
is used for phase voltage harmonic injection. The process is: 
Firstly, three-phase sinusoidal voltage usA, usB, and usC were 
obtained by vector control. Then, select the corresponding 
intervals according to positive and negative three-phase voltage 
values and Table I. Finally, compare the magnitude of the same 
positive and negative sign voltages to get the injected voltage 
uz. Table I is the interval selection table.

Interval 1: 
If |usA| ≥ |usB|, uz = usB / 2; If |usA| < |usB|, uz = usA / 2.
Interval 2:
If |usA| ≥ |usC|, uz = usC / 2; If |usA| < |usC|, uz = usA / 2.
Interval 3:
If |usB| ≥ |usC|, uz = usC / 2; If |usB| < |usC|, uz = usB / 2.
Interval 4:
If |usB| ≥ |usA|, uz = usA / 2; If |usB| < |usA|, uz = usB / 2.
Interval 5:
If |usC| ≥ |usA|, uz = usA / 2; If |usC| < |usA|, uz = usC / 2.
Interval 6:
If |usC| ≥ |usB|, uz = usB / 2; If |usC| < |usB|, uz = usC / 2.
The three-phase voltage after harmonic injection u’sj can be 

written as:

 '

sj sj zu u u� �                                     (14)

After harmonic injection, the amplitude of the phase voltage 

TABLE  I
Interval Selection 

usA usB usC Interval

1
2
3
4
5
6
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is 0.87 times the amplitude of its fundamental component. The 
fundamental utilization is higher than that of sine wave of the 
same amplitude. Thus, the range of values for Ucm is further 
increased:

 (1 0.87 )
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dc
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≤                          (15)

After third harmonic injection, the low frequency component 
of the bridge-arm power p’

low can be expressed as:
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In addition, the amplitude of the injected high-frequency 
circulating current Icm is written as: 
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Take the maximum of Ucm in (15) and substitute it into (17). 
Then, the required injection circulating current amplitude in the 
phase voltage harmonic improvement hybrid injection method 
can be expressed as:
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Capacitor voltage fluctuation decreases as motor speed 
increases. Thus, the fluctuation will be acceptable for normal 
operation after the motor speed reaches a certain value. The 
injection control strategy proposed in this chapter is only 
applicable to the low speed condition of the motor. And 
different system parameters have different speed cut-off points. 
In this paper, the MMC is selected to start up with 0.5 N·m 
light load. The calculation shows that when the rotational speed 
is 200 rpm, the fluctuation range has been reduced to 20% of 
the rated capacitor voltage. Therefore, in this paper, the speed 
is divided into a low speed band of 0-200 rpm and a medium-
high speed band of 200-900 rpm. 

In summary, the control diagram of the low frequency 
suppression strategy proposed in this paper is shown in Fig. 2.

The system control structure consists of: 1) A classic speed-
current double closed-loop control. 2) Given high-frequency 
circulating current tracking, icm is obtained according to (18) 
and ucj is obtained through the P controller. 3) High-frequency 
common-mode voltage injection. ucm is accessed by (12). 4) 
Phase voltage harmonics injection. u’sj is acquired by (14). 

5) Closed loop voltage averaging strategy. The uciref of each 
submodule is obtained through the P controller. 6) Carrier 
phase shifted pulse width modulation (CPS-PWM). The 
switching function for the MMC part is obtained.

III. A Novel Quasi-PR Control Circulating 
Current Suppression Strategy Based on 

Enhanced Adaptive Filters

A. MMC Circulating Current Analysis

The expression for circulating current is:

(19)
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where Inm and θnm are separately the peak and the initial phase 
of circulating current harmonics after n times; and icira, icirb, icirc 
are circulating current in three-phase circuits. 

From (19), the circulating current actually consists of a 
DC component Idc/3 and even harmonics such as second, 
fourth, and sixth component. The amplitude is inversely prop-
ortional to the frequency. The circulating current is specified 
as a voltage drop across the bridge-arm inductance. Therefore, 
the circulating current can be suppressed by superimposing 
a suppression component of the same phase sequence on the 
voltage modulating waveform of the upper and lower bridge-
arms, thereby generating a reverse inductive voltage drop ucsj.

Since the circulating current harmonics are dominated 
by the second frequency component, based on the principle 
of vector control, the negative sequence second frequency 
rotating coordinate system can be used to transform the second 
frequency circulating current into a direct current and then 
suppress it by using a PI controller. Fig. 3 shows the MMC 

Fig.  2. The control diagram of the low-frequency suppression strategy proposed 
in this paper.
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circulating current spectrum, where the horizontal coordinate is 
the direction and the vertical coordinate is the amplitude.

However, due to the presence of other harmonics in the 
circulating current, the component obtained after the coordinate 
transformation is not a complete direct current.      

As shown in Fig. 3, the left side of the horizontal axis 
represents the second harmonic component and the right is the 
fourth harmonic, and the distance between them is the sixth 
harmonic. The fourth circulating current harmonic becomes the 
sixth harmonic in the negative sequence synchronous rotating 
coordinate system, and the presence of the sixth harmonic leads 
to poor tracking and suppression of the circulating current by 
the PI controller.

B. Design of Improved Adaptive Filter

The least mean squares (LMS) algorithm is an important 
method in adaptive filter design, which has the advantages of 
simple principle, few parameters, easy to implement and small 
computation, etc. The algorithm flowchart is shown in Fig. 4.

The adaptive filter should converge faster and exhibit 

smaller steady-state error under external disturbances. A fixed 
convergence coefficient involves a trade-off between speed and 
stability, whereas a time-varying coefficient can dynamically 
balance both through iterative adaptation. The new weight 
coefficient update formula is:

( 1) ( ) 2 ( ) ( ) ( )W n W n n e n x n�� � �                (20)

The criterion for the variable step-size LMS algorithm is as 
follows: a larger step size is used in the early stage of iteration 
to achieve fast convergence, while a smaller step size is used 
in the later stage to improve steady state performance when 
the system reaches steady state. To overcome the convergence-
stability trade-off in conventional LMS filters, we introduce a 
variable-step strategy using a sigmoid function. The function 
dynamically increases the convergence rate during large-error 
conditions and decreases it as the error reduces, improving 
both response speed and steady-state accuracy. This approach 
is novel in the context of harmonic suppression for MMC-
driven PMSM systems. 

The function is transformed based on the sigmoid function 
to better match the function curve to the convergence 
coefficient adjustment criterion. In addition, a compensation 
factor is introduced to improve the characteristics at the lower 
end of the function by dynamically adjusting the convergence 
coefficient of the algorithm. The resulting updating formula is:

 1
( ) 1

1 (exp( ( ) ( 1) ) ( 1) )

bn a
b c e n e n k e n

�
� ��

� �� �
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 (21)

where k is the compensation coefficient, which is assumed to 
be 0.01; a, b, and c are the adjustment coefficients:

1) The parameter a can set an upper bound for the 
convergence coefficient so the value of µ ranges from (0, a].

2) The parameter b primarily affects the lower end 
characteristics of the convergence coefficient variation curve. 

3) The parameter c primarily influences the variation 
amplitude of the convergence coefficient as e(n) approaches 0. 

C. Design of Circulating Current Suppressor Based on Qua-
si-PR Control

The harmonics of the MMC circulating current are mainly 
composed of the direct flow and the second component, so the 
expression of the circulating current is given by:

 
2 _1 2 _2

cos(2 ) sin(2 )
3

dc

cirj f f
Ii w w� �� � �           (22)

Adaptive filters use error feedback from an adaptive 
algorithm to adjust the convergence and weighting coefficients 
to better track harmonic currents. The adaptive filter output is 
the circulating current harmonics：

1 2 1 1 2 2
( ) cos(2 ) sin(2 ) ( ) ( )y n w w w x n w x n� �� � � �   (23)

Fig.  3. MMC circulation spectrum diagram.

Fig.  4. LMS adaptive algorithm flowchart.
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The error is calculated as:

 ( ) ( )
cirje n i y n� �                               (24)

The LMS algorithm update formula is:
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The quasi-PR controller introduces a resonant peak at a 
target frequency in the stationary αβ frame. It eliminates the 
need for coordinate transformation while providing strong 
harmonic suppression for fixed-frequency circulating current 
components. This approach simplifies implementation, avoids 
frequency mismatch, and is novel in MMC-PMSM systems 
when used in conjunction with hybrid injection. The specific 
structure is shown in Fig. 5. Its transfer function is:
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where kp and kr are the proportional gain and resonant gain; ωo 
is the resonant frequency and ωc is the cut-off frequency.

The PR controller uses predistorted bilinear transformation:
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Combining the z inverse transformation:
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where the parameters are:
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The control block diagram of the novel circulating current 
suppressor based on the improved adaptive filter algorithm and 
the quasi-PR control is finally obtained as shown in Fig. 6.

The process of control action can be divided into the 
following three main parts:

1) First, the filter input signal is obtained using the sine-
cosine function with icirj and θ as input parameters;

2) Then, the online adjustment of the circulating current 
harmonic amplitude weight coefficients is achieved by the 
variable convergence coefficient LMS algorithm;

3) Finally, with the target of turning the circulating current 
decreasing to 0, the ucsj is obtained by the quasi-PR controller 
and superimposed on the voltage modulated waveform of the 
upper and lower bridge-arms.

The overall block diagram of the MMC PMSM low- and 
high-speed control proposed in this paper is shown in Fig. 7.

Ⅳ. Simulation Results
Analysis of Improved hybrid injection method based on 

phase voltage harmonics
The three-phase five-level MMC PMSM simulation model 

is built according to the parameters as shown in Table Ⅱ.
Under a 0.5 N·m load, the motor accelerates from 0 to 150 

rpm with a frequency of 10 Hz during steady-state operation, 

Fig.  5. Structure of quasi-PR controller.
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and the capacitor voltage waveform for this condition are 
shown in Fig. 8 shows the capacitor voltage waveform and 
bridge-arm current waveform under different methods. 

As shown in Figs. 8(a), (c), and (e), without low-frequency 
suppression, the capacitor voltage fluctuates between 43 V and 
61.3 V. After applying the dual-sinusoidal injection method, the 
fluctuation range is reduced to 46.8–53.8 V, indicating a peak-
to-peak reduction of 11.3 V. The improved hybrid injection 
method, which incorporates phase voltage harmonic injection, 
achieves a similar level of fluctuation control, with a voltage 
range of 46.6–53.6 V.

As shown in Figs. 8(b), (d), and (f), applying the dual-
sinusoidal injection method increases the peak-to-peak value 
of the steady-state bridge-arm current from 6 A to 12.4 A 
compared to the case without low-frequency suppression—an 
increase of 106.67%. In contrast, the proposed hybrid injection 
method incorporating phase voltage harmonic injection 
reduces the current amplitude to 9.7 A, representing a 21.17% 

reduction. The specific comparison results are summarized in 
Table III.

B. Analysis of A Novel Circulating Current Suppression Meth-
od Based on Quasi-PR Control and Adaptive Filters

The harmonic inclusion rate H of the circulating current is 
defined to further analyse the harmonic situation：

2 2 2 2

1 2 3 max
/ 100%H I I I I I� � � � ��              (30)

where Ix is the RMS value of the harmonic component of the 
circulating current with frequency x Hz, and I is the magnitude 
of the DC component of the circulating current.

The circulating current waveform of the negative sequence 
coordinate transform based circulating current suppression 
control algorithm (CCSC) and suppression algorithm proposed 
in this paper are shown in Fig. 9. The circulating current FFT 
results under the two algorithms are shown in Fig. 10.

Fig. 9 illustrates that, compared with CCSC, the proposed 
circulating current suppression algorithm achieves an 11.3% 
reduction in the second harmonic component of the circulating 
current. Fig. 10 demonstrates that the harmonic content of 
the circulating current decreases from 38.91% to 23.79%, 
corresponding to a 15.12% reduction. 

TABLE Ⅱ
MMC PMSM Simulation Parameters

Fig.  8. (a) Capacitor voltage waveform with no high-frequency injection, (b)
Bridge-arm current waveform with no high-frequency injection, (c) Capacitor 
voltage waveform with dual-sinusoial injection, (d) Bridge-arm current waveform 
with dual-sinusoial injection, (e) Capacitor voltage waveform with improved 
hybrid injection, (f) Bridge-arm current waveform with improved hybrid injection.
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TABLE  Ⅲ
Specific Details of Different Strategy

Strategy Capacitor Voltage
Fluctuation (V)

Bridge-Arm
Current Peak(A)

No high-frequency injection 18.3 6

Dual-sinusoidal injection 7.0 12.4

Improved hybrid injection 7.0 9.7

Fig.  9. Circulating current waveform. (a) CCSC, (b) Novel circulating current 
suppression method proposed in this paper.

Fig.  10. FFT analysis of circulation. (a) CCSC, (b) Novel circulating current 
suppression method proposed in this paper.
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Parameters Value
DC bus voltage(V) 200
Number of submodules per 4
Number of motor pole pairs 4
Submodule capacitor(mF) 2.2
Bridge-arm inductor(mH) 7
System control frequency(Hz) 10000
Carrier frequency(Hz) 2000
Stator resistor(mΩ) 8
d-axis inductor(μH) 50
q-axis inductor(μH) 86
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V. Experimental Validation
In order to further verify the effectiveness of the proposed 

low-frequency suppression strategy, an experimental study 
was carried out on the constructed MMC PMSM experimental 
prototype, using the motor-to-drag platform physically shown 
in Fig. 11. The PMSM is connected to the MMC as the drive 
motor, and receives torque and speed commands from the host 
computer through the serial port. The servo motor and the drive 
motor are connected in coaxial for simulating the load.

The physical structure of the MMC prototype is shown in Fig. 
12. The DC bus voltage is supplied by an external DC power 
source. The main circuit consists primarily of submodules 
installed on the six bridge arms of the three-phase system, 
along with the bridge-arm inductance. Each submodule adopts 

a half-bridge topology, and the specific device parameters are 
listed in Table II.

A. Improved Hybrid Injection Method Based on Phase Voltage 
Harmonics

Fig. 13 shows the upper and lower bridge-arm capacitor 
voltage waveform under the motor speed of 150 rpm and 
current amplitude of 3 A. 

Without low-frequency suppression, the peak capacitor 
voltage fluctuation reaches 14.8 V, accounting for 29.6% of 
the rated capacitor voltage. With the dual-sinusoidal injection 
method, the peak fluctuation is reduced to 8.7 V (17.4% 
of rated voltage), corresponding to a 12.2% suppression 
compared to the unsuppressed case. The proposed hybrid 
injection method incorporating phase voltage harmonics 
achieves a similar suppression effect, with a peak fluctuation of 
8.9 V. The corresponding bridge-arm current waveforms under 
both injection methods are shown in Fig. 14.

When dual-sinusoidal injection is performed, the peak value 
of bridge-arm current reaches 8.808 A. When the improved 
hybrid injection based on phase voltage harmonic is performed, 
the peak value of bridge-arm current is reduced to 5.885 A, 
which is 33.18% lower compared to dual-sinusoidal injection 
method. The results indicate that the proposed hybrid injection 
method significantly reduces the amplitude of the injected 
circulating current.

Fig.  12. MMC physical image.

Fig.  11. Physical image of the towing motor platform.

Fig.  13. Capacitor voltage waveform. (a) No high-frequency injection, (b) 
Dual-sinusoidal injection, (c) Improved hybrid injection based on phase voltage 
harmonic.

Fig.  14. Circulating current waveform. (a) Dual-sinusoidal injection, (b) 
Improved hybrid injection based on phase voltage harmonic.
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B. Novel Circulating Current Suppression Method Based on 
Quasi-PR Control and Adaptive Filter

In order to verify the effectiveness of the novel circulating 
current suppression method based on quasi-PR control and 
adaptive filter, an experimental study was carried out on the 
experimental prototype. 

In the case of no circulating current suppression control, the 
motor speed is set to 600 rpm and the current amplitude is 2 
A. The waveform of the B-phase upper and lower bridge-arm 
currents and circulating current are shown in Fig. 15(a), which 
corresponds to the circulating fundamental frequency of 40 Hz. 
The results of the circulating current FFT analysis are shown 
in Fig. 15(b), which shows that circulating current harmonics 
are mainly composed of even components such as second 
harmonic and fourth harmonic.

Subsequently, the CCSC and the novel circulating current 
suppression method based on quasi-PR control and adaptive 
filter were applied to the above systems. Fig. 16 illustrates the 
B phase circulating current waveform. Fig. 17 demonstrates the 
corresponding FFT analysis of this phase circulating current. 

As shown in Figs. 16 and 17, the CCSC strategy reduces 
the harmonic containment rate H from 114.13% to 73.09%, 
representing a 41.04% decrease compared to the case without 

Fig.  17. Circulating current FFT analysis. (a) CCSC, (b) Novel circulating 
current suppression.

Fig.  15. No circulating current suppression. (a) B phase circulating current, (b) 
Circulating current FFT analysis.

Fig.  16. B phase circulating current waveform. (a) CCSC, (b) Novel circulating 
current suppression.

circulating current suppression. Additionally, the proportion of 
the second harmonic component relative to the DC component 
of the circulating current is reduced by 51.47%. Furthermore, 
compared to the CCSC strategy, the proposed suppression 
method reduces the harmonic containment rate from 73.09% 
to 59.19%, corresponding to a 13.90% reduction. Similarly, the 
proportion of the second harmonic component in the circulating 
current is further decreased by 4.05%. These results show that 
the proposed method reduces total harmonic distortion without 
increasing low-frequency or fourth harmonic components. This 
contributes to more effective circulating current suppression 
and enhanced efficiency of the drive system. The specific 
comparison results are summarized in Table Ⅳ.

Ⅵ. Conclusion
This paper investigates the application of MMC as a 

converter in electric vehicles and proposes a low-speed and 
high-speed control strategy for the PMSM drive system. To 
address the increased bridge-arm current caused by high-
frequency current injection under low-speed conditions, 
which leads to elevated current stress on the switching 
devices, an improved hybrid injection strategy based on phase 
voltage harmonics is proposed. Furthermore, to overcome 
the limitations of coordinate transformation in accurately 
extracting the second harmonic component of the circulating 
current, a novel quasi-PR suppression strategy incorporating 
an adaptive filter is developed. Simulation and experimental 
results indicate that, while achieving a comparable level of 
capacitor voltage fluctuation suppression, the proposed method 
reduces the bridge-arm current by 33.19% compared with the 
dual-sinusoidal injection method, thereby effectively alleviating 
current stress on the switching devices. Compared to the 
conventional CCSC strategy, the proposed suppression method 
reduces the proportion of the second harmonic component in 
the circulating current by 4.05% and lowers the total circulating 
current harmonic content H by 13.9%, resulting in improved 
circulating current suppression.

Overall, the proposed strategies enhance the operational 
performance and robustness of electric vehicle drive systems.
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