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ABSTRACT In various variable speed applications with power converters, failures in the bearings caused
by common mode voltage (CMV) have been frequently reported. This study investigates space vector
modulation (SVM)-based strategies for reducing CMV in a modular multilevel converter (MMC). Two
strategies for CMV reduction, complete and partial, are examined. The study compares the impact of these
strategies on feasibility, total losses, and current total harmonic distortion (THD). Both simulation and
experimental results are analyzed, with experiments conducted on a wind turbine emulator driven by a five-
level MMC. The findings demonstrate that both strategies can effectively limit CMV amplitude compared
to cases without any CMV reduction strategy. The partial CMV reduction strategy, while resulting in a 6.7%
increase in switching loss, offers the lowest current THD (0.73%). The complete CMV reduction strategy
achieves near-zero CMV and reduces switching loss by 3.9%, but at the cost of the highest current THD
(1.81%) and limited DC-link voltage utilization. Experimental results confirm the significant impact of CMV
on main bearing performance, as both CMV reduction strategies can reduce the bearing current amplitude and
the number of bearing current events. Specifically, the partial CMV reduction strategy extends the bearing
lifetime by a factor of 49, while the complete CMV reduction strategy extends it by a factor of 416, both
relative to no CMV reduction. These results underscore the effectiveness of CMV reduction strategies in
mitigating bearing currents in modern power electronics-based electric drives.

INDEX TERMS Bearing current, common mode voltage, modular multilevel converter, space vector
modulation, wind turbine.

I. INTRODUCTION

Electrical machines, which build the bridge between elec-
trical power and mechanical power, are widely used in
various drive systems and power generation systems. With
the adoption of power electronics, electrical machines can
be driven at variable speeds and achieve more flexible
arrangements in these systems [1]. As a result, the installation
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of electrical machines has increased significantly in recent
decades [2], [3], [4], [5]-

However, the power electronics controlled by pulse-width
modulation (PWM) technology used in variable speed drives
also introduce issues for electrical machines. Among these
issues, bearing current is a primary concern that reduces the
lifespan of electrical machines [6], [7], [8]. One industry
sector where bearing current brings problems is the wind
power industry. Bearing failures caused by bearing current
persist as a prevalent issue in wind turbines, accounting for a
significant portion of failures [9], [10], [11].

© 2024 The Authors. This work is licensed under a Creative Commons Attribution-NonCommercial-NoDerivatives 4.0 License.
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It has been noted that high-frequency common mode
voltage (CMV) from the converter and electrical machine
stray capacitance are critical causes of bearing currents [12],
[13], [14]. Studies indicate that a bearing current density
(Jb) greater than 0.7 A/mm? is harmful to the bearing [15],
[16], [17], [18]. Therefore, understanding the mechanism of
CMYV and finding mitigation methods to achieve low CMV
amplitude and thus reduce the bearing current density is of
great interest.

To suppress bearing currents, various methods have
been studied, including common mode filters, conductive
bearing grease, and rotor flange insulation [19], [20], [21].
While effective, these methods often introduce additional
components or costs to the system. An alternative approach
to suppress bearing currents without adding extra compo-
nents is to limit the CMV amplitude at the modulation
stage when controlling the power electronics converter.
In applications utilizing multilevel converters, this approach
is highly advantageous due to the flexibility it provides in
designing switching schemes that can achieve lower CMV
amplitude [22], [23], [24]. Zhang et al. proposed a multilevel
converter modulation scheme in [22] that eliminates CMYV,
specifically for a three-level neutral-point-clamped (NPC)
converter. However, in medium voltage applications where
higher voltage levels are required, a three-level converter
may not be sufficient, and the NPC topology may suffer
from unbalanced losses. Edpuganti et al. introduced a CMV
elimination scheme using a dual n-level modular multilevel
converter (MMC) topology with an open-end stator winding
induction motor. However, the dual MMC requirements in
the scheme add complexity to the system, and it is not
applicable for general applications where only one MMC is
utilized [23]. Park et al. studied different CMV reduction
strategies in a single MMC setup, including the combined
nearest level modulation (NLM) and PWM method to achieve
CMYV reduction. This method is unfortunately complex, and
the actual impact of reduced CMV on bearing current was
neither presented nor verified [24].

In this study, MMC has been selected as the converter
topology due to its simple structure and high efficiency [25],
and the objective of this study is to explore innovative Space
Vector Modulation (SVM)-based common mode voltage
reduction (CMVR) strategies. The main contribution of
this study is the performance quantification of different
CMVR mitigation strategies and the experimental verifica-
tion thereof. Within this scope, one important contribution
is a proposal of CMVR strategies based on a generalized
SVM scheme, which can be effectively applied to an n-
level MMC, addressing the industry’s need for scalable and
adaptable solutions. Furthermore, an additional important
contribution is a detailed comparison and analysis of losses
and total harmonic distortion (THD) between different
CMVR strategies in the simulation section. Finally, the
practical experimental verification of the effectiveness of
different CMVR strategies through measuring the bear-
ing current in a wind turbine emulator, highlighting the
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direct implications and benefits for the renewable energy
sector.

Ill. COMMON MODE VOLTAGE AND ITS IMPACT ON THE
ELECTRIC MACHINE

The converter output voltage applied on the winding of
the electrical machine contains differential mode voltage
and common mode voltage. The differential mode voltage
appears over the phase windings; however, the common mode
voltage is the same over all the phase windings, and it also
appears on the middle point of the electrical machine. The
general expression for the CMYV in the studied application is

1
Vem = g(vao + Vo + Vco) (1)

where Vo, Vo, and V¢, are the phase voltages with respect
to the middle point of the DC-link of the converter.

The CMV on the winding attempts to find its way to the
ground via different paths inside the electrical machine.
The structure of the electrical machine is shown in Fig. 1.
The equivalent capacitances between different components
are illustrated in Fig. 1 as well.

Frame Cswr
.
(\\HE Stator 3-]-
T —H
L |G Rotor Crol || GND
oT TO

\ Shaft |

FIGURE 1. Electrical machine structure and capacitance between
different components.

The frame of the electrical machine is its ground point.
In general, there are two main paths for the CMV to be
coupled to the ground point,

o Path A: Stator winding — slot insulation — stator core

— machine frame;

« Path B: Stator winding — rotor — machine bearings —

machine frame.

The impedance circuit model of the electric machine is
shown in Fig. 2, and both path A and path B are shown in
the figure.

J: M PathA
Cswr
Output Shaft
J__CRI Csg —FL
T T
L

— Frame

FIGURE 2. Electrical machine impedance circuit model.

In path A, the stator core is directly connected to the frame
with neglectable impedance. The main impedance in this
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path is the slot insulation capacitance Cswp, which is the
simplification of a group of capacitors instead of a simple
capacitor. It includes the capacitance of the winding copper
and the capacitance of the stator iron core. In this path the
electrical stress is applied to the winding insulation system,
leading to the aging of the insulation system.

In path B, the main impedances are the capacitance
between the winding and the rotor Cswr and the bearing
capacitance Cpg. In this path, the voltage will pass through
the bearings, and once the voltage is beyond the threshold,
bearing current will occur. The appearance of the bearing
current can damage the bearing, causing electrical erosion
and impacting its lifetime [26]. An equation to describe the
bearing life at the electrical side is

—(2.17(22%))

Lifetime = 7867204 x 10 2)

where the lifetime in (2) is in the unit of hours, and APK is
the amplitude of the bearing current [14].

Ill. MMC OPERATION AND CM VOLTAGE REDUCTION
STRATEGY

A. MMC OPERATION PRINCIPLES

The schematic diagram of the studied MMC which is based
on [27] is shown in Fig. 3. For an n+ 1 level MMC, each arm
of the MMC consists of n number of submodules and one arm
inductor Ly. The presence of the arm inductor in the circuit
can prevent inrush current [5], and it can limit the circulating
current as well.

L
I

FIGURE 3. Schematic diagram of the studied MMC.

As shown Fig. 3, the studied SM is an IGBT half-bridge
module. The half-bridge SM consists of two IGBT-diode
switch pairs and one capacitor, and the two IGBTs in the
half-bridge SM are being switched in a complementary mode.
The SM can be inserted into or bypassed from the circuit,
depending on the switching states of the two IGBTs and the
direction of the arm current.

To achieve the normal operation of MMC, the submodule
capacitors voltage needs to be controlled and balanced. The
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classical sorting and balancing algorithm, which is based on
the submodule capacitor voltages comparison and the polarity
of the arm currents, is employed at the modulation stage in
this study [28], [29].

In addition to the submodule capacitors voltage control
and balancing, the circulating currents, which flow inter-
nally between the converter legs, need to be suppressed.
The presence of the circulating currents can increase the
conduction loss in the MMC, thus reducing the efficiency of
the converter [5]. Therefore, it is important to suppress the
amplitude of the circulating currents in the MMC operation.
The double-line frequency circulating current controller
which was introduced in [30] is used to limit the circulating
currents in this study.

Various modulation techniques, such as the PWM, SVM,
and NLM have been successfully used in MMC applica-
tions [25]. Among those different modulation techniques,
SVM is the most interesting one due to its flexibility in the
design of the switching states.

The same as in the two-level SVM, the primary task of the
SVM for a multilevel converter is to find the three closest
voltage vectors and their corresponding dwell time which can
be used to synthesize the reference voltage vector. To tackle
the challenge of a large number of redundant switching states
in an MMC with a high number of SMs, a generalized
SVPWM method for the multilevel converter is proposed
in [31]. This method has been successfully utilized for
modulating a five-level NPC converter and a five-level MMC
in [32] and [33] respectively. The details of this generalized
SVM method for modulating the MMC can be found in [33].
The optimal sequence of SVM for the first sector in the MMC
is shown in Fig. 4 [34].

Utilized state
o—
o Start

—'
4 End

111 433 422 411 400
000 322 311 300
211 200

FIGURE 4. Optimal SVM sequence for a five-level MMC.

The switching states marked with grey color in Fig. 4 are
utilized in the SVM, and there are two types of switching state
sequences in this SVM method, the clockwise and counter-
clock sequences. The clockwise sequence is marked with blue
color in Fig. 4 and the counter-clock one is marked with
green color. The start switching state is marked with a dot
symbol while the end switching state is marked with an arrow
symbol.

192723
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B. CMV REDUCTION STRATEGIES

The general expression for the CM voltage in the studied
application has been shown in (1), and when observing the
schematic diagram in Fig. 3, the expressions of the phase
voltages can be written as

Va Va

Vo = TC - np,aEsm = —TC + npaEsm (3a)
Va Va

Vo = TC — np,bEsm = —TC + nn,bEsm (3b)
Va Va

Veo = & np’cEsm == + nn,cEsm (3¢)

2 2
where np, 5, npp and n,, ¢ are the number of on-state submod-
ules of upper arms, and 7y 4, fnp and ny ¢ are the number of
on-state submodules of lower arms. Inserting (3) into (1), Ve
can be derived as

Ve _ pa + npb + Npe

Vem = 75" 3 om
V.
_ _% + Npa + nr;,b + npc Eun (4)

Take a five-level MMC as an example, Vg, = 4E¢, thus, (5)
can be rewritten as

6— (np,a + npp + np,c)E

cm — 3 sm
-6 )
_ + (nl’l,d + npp + nn,c)Esm (5)
3
Based on (5), it can be seen that if npy + npp + npc = 6,
then Ve = 0, if npy + npp + npc = 7 then Very = —%Esm,

if npa +npp +npc = 5then Ve = %Esm. For the selected
five-level MMC, the amplitude of CMV can be limited to O or
%Esm with the designed number of inserted submodules in
each phase. Therefore, two types of CM reduction strategies
have been investigated in this study, one is the complete
CMYV reduction strategy, and the other one is the partial CMV
reduction strategy.

1) COMPLETE CMV REDUCTION STRATEGY

Complete CMV reduction means that the CMV amplitude
will be controlled to be zero with the designed switching
states. As described in the previous section, to achieve the
zero CMV goal in the five-level MMC, the number of the
total inserted SMs in all three phases for all the switching
states should be 6, and this can be achieved by selecting
the switching states which are marked with magenta color in
Fig. 5.

The reference voltage will be synthesized by the three
closest voltage vectors in the switching states plane in Fig. 5.
For instance, _tile isference voltage Vier can be synthesized
Witgvectors V1, V2, and V3 in Fig. 5. Ii)the switching state
of V; is [321], the_)switching state of V5 is [420], and the
switching state of V3 is [330], based on (1), the result CMV
amplitude would be zero.

By connecting all the magenta voltage vectors in Fig. 5,
it can be seen that the new voltage vectors that can be used to
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© Normal SVM state
@ CMVR state

Sector IV

004 104 204 304 404

Sector V

FIGURE 5. SVM-based complete CMV reduction strategy.

reduce the CM voltage construct a new space vector plane
for a three-level converter. Therefore, when synthesizing
Wef with the magenta voltage vectors, the first step is to
utilize the aforementioned generalized SVM method to get
the switching states for the ‘““three-level” converter, then, the
switching states of the five-level converter can be acquired
by multiplying the ‘“‘three-level” switching states with a
converting matrix [24],

4 1 , ,
4 1
= 50 (= ) (6b)
. 4 ! 1 , , 6
ne = 5( + m(”c —n,)) (60)

where n, ny, and n, are the number of the inserted SMs in
each phase in the “‘three-level” converter; and n,, ny, and 7
are the number of the inserted SMs in each phase in the five-
level converter.

2) PARTIAL CMV REDUCTION STRATEGY

The PCMVR strategy means that the CMV amplitude is
not limited to zero but reduced to a certain level with this
strategy. For a five-level MMC, the amplitude of the CMV
is reduced to one-third of the nominal submodule capacitor
voltage, and this can be achieved by using the switching states
marked with magenta and yellow in Fig. 6 in the modulation
stage.

Similar to the normal SVM and the CCMVR strategy,
three voltage vectors are utilized to synthesize the re&;ence
voltage vector. For instance, the reference voltage Vi can
be synthesized with the switching states [320], [321], and
[421] in Fig. 6. This is quite close to the normal SVM,

VOLUME 12, 2024



C. Tang et al.: Comparative Analysis of Space Vector Modulation-Based CMV Reduction Strategies

IEEE Access

© Normal SVM state JB
® CMVRstate 40

O PCMVR state

440

041

Sector 111

Sector IV

Sector V

FIGURE 6. SVM-based partial CMV reduction strategy.

while the difference lies in that only three switching states
are used in the PCMVR method, and this means that a
five-segment switching mode is achieved in one switching
period. Compared with the normal seven-segment switching
mode in the normal SVM, the switching loss in the PCMVR
strategy can be reduced to some extent.

The designed optimal switching states of the PCMVR
strategy in this study are illustrated in Fig. 7.

Utilized state
>
o_ Start

:: End

44
33

000 322 311
211 201 300
100

FIGURE 7. Optimal switching sequence in the designed PCMVR strategy.

The design principle in the PCM VR is to introduce the least
switching events during the transition from one switching
state to another, in addition to that, the switching states
are designed to be symmetrically distributed, thus they can
benefit the current THD. The utilized switching state is
greyed in Fig. 7, and the start switching state is marked with
a dot symbol while the end switching state is marked with an
arrow symbol.
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IV. SIMULATION RESULTS

To demonstrate the feasibility of different CMV reduction
strategies, a simulation model of a five-level MMC and a
three-phase RL load are built in MATLAB Simulink and
PLECS, and the parameters of the system are listed in Table 1.

TABLE 1. The simulation MMC and RL load parameters.

Parameters Value | Unit
Nominal power P 4 MW
DC-link voltage V. 12 kV
Submodules number Ngp 4 /
Submodule voltage Egn 3 kV
Submodule capacitance Cgyy | 1.41 mF
Arm inductance Laym 5 mH
Switching frequency fsw 2000 Hz
Output frequency f 50 Hz
Load resistance Rj5.q 15 Q
Load inductance Ljyaq 5 mH

A. WAVEFORMS OF SIMULATION RESULTS

The simulated waveforms of the three-phase currents and
the CMYV for the case without any CMV reduction, PCMVR
strategy, and CCMVR strategy are shown in Fig. 8, Fig. 9 and
Fig. 10 respectively.

4000
— 500r[za-b-c] THD=132% =
< 2. 2000
= (o)
S
5 S 2000
-500 -4000
1.9 1.95 2 1.9 1.95 2
Time [s] Time [s]
(@ (b)

FIGURE 8. Simulated waveforms without CMV reduction strategy:
(a) Three-phase currents. (b) CMV.

4000
— 500t [-a-b-c THD =0.73% ’;‘

< 2. 2000
- ()

S
5 2 2000
-500 -4000
1.9 1.95 2 1.9 1.95 2
Time [s] Time [s]
(@ ®)

FIGURE 9. Simulated waveforms with PCMVR strategy: (a) Three-phase
currents. (b) CMV.

B. ANALYSIS ON WAVEFORMS OF SIMULATION RESULTS

From the three-phase currents waveforms in Fig. 8, Fig. 9
and Fig. 10, it can be seen that the currents have sinusoidal
waveforms, and the current THD are less than 5% with the
given simulation parameters. In addition to the currents, the
CMVs in Fig. 8, Fig. 9 and Fig. 10 indicate that the designed
PCMVR and CCMVR strategies can successfully reduce the
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4000
— 500fFa-b-c] THD=181%] =—
< 2. 2000
- 5]
5 § 2000

-500 -4000

1.9 1.95 2 1.9 1.95 2
Time [s] Time [s]
@ (b)

FIGURE 10. Simulated waveforms with CCMVR strategy: (a) Three-phase
currents. (b) CMV.

amplitude of the CMV to the desired value. In Fig. 9b, the
amplitude of the CMV is limited to 1 kV, which is one-third
of the nominal value of the SM voltage Esym, and this
corresponds to the design of the PCM VR strategy. In Fig. 10b,
the amplitude of the CMV is limited around OV, and this
means that using the switching states in Fig. 5, the CMV can
be fully eliminated.

C. ANALYSIS ON SIMULATION RESULTS OF LOSSES AND
CURRENT THD

To further investigate the impact of different CMV strategies
on the system, the losses of one IGBT half-bridge submodule
in these cases are simulated, and the results are shown in
Fig. 11. The model of the IGBT used in the simulation is
ABB HiPak 5SNA0650J450300, and the blocking voltage is
6.5kV, and this means only 1 switch is needed in each switch
position in the half-bridge submodule. Moreover, the phase
current THDs are presented in Fig. 11 along with the loss
results.

2000
‘ I Conduction loss [l Switching loss O tHD ‘_

1l

1) No CMVR 2) PCMVR

Losses [W]
S
S

W
=3
(=]

3) CCMVR

FIGURE 11. Simulation results of losses and current THD in one
submodule for different CMV reduction strategies.

As shown in Table 1, the nominal power of the system is
4MW. From Fig. 11, it can be seen that the conduction loss
for all three cases is at the same level, while the switching loss
differs from case to case. The switching loss of the PCMVR
strategy is the highest, the switching loss of the case without
CMV reduction is the second highest, and the switching loss
of the CCMVR strategy is the lowest. When observing the
current THD results in Fig. 11, it can be seen that the current
THD of the CCM VR strategy is the highest while the current
THD of the PCMVR strategy is the lowest.

The results in Fig. 11 indicate that the CCMVR strategy
brings higher current THD at the system level while the total
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losses are not increased compared to the case without CMV
reduction. This can be justified based on the switching states
plane in Fig. 5, since when changing from one switching state
to another, two switching events need to be implemented in
two different phases, and there is no intermediate switching
state that can help with the transient, thus resulting in a higher
current THD in the system. However, when counting the total
number of switching events in a certain period, it can be found
the number is the same for the CCM VR strategy and the case
without CMV reduction, therefore, the switching loss of these
two cases is at the same level. Nevertheless, a significant
drawback of the CCMVR strategy is the low DC-link voltage
utilization, which is limited by its mechanism.

For the results of the PCMVR strategy, it can be seen that
the switching loss is the highest, and this is due to the fact
the designed switching sequence in Fig. 6 results in more
switching events in a certain period than the other two cases.
However, the switching sequence of the PCMVR strategy
only needs a five-segment SVM scheme, which is less than
the normal seven-segment SVM, thus the switching loss can
be reduced. Therefore, the switching loss of the designed
PCMVR strategy is higher but at a similar level as the other
two cases. Apart from the reduced CMV amplitude, another
benefit of the designed PCMVR strategy is the reduced
current THD, and this is due to a symmetrical switching
sequence and more switching events.

D. CONSLUSION ON SIMULATION RESULTS

In general, the simulation results show that the designed
CMVR strategies can achieve the target of limiting the CMV
amplitude. At the same time, the system-level performance,
such as the losses and current THD, can be affected. In the
given simulation conditions, the PCMVR strategy shows
a better overall performance compared with the CCMVR
strategy.

V. EXPERIMENT RESULTS

A. LAB SETUP

To verify the ability of different CMV reduction strategies,
experiments have been conducted in this study. The main
method in the experiment is to study the impact of the CMV
on the bearing current, which is based on path B of the
equivalent circuit model in Fig. 2. Therefore, a lab setup is
designed to measure the main bearing current when the main
bearing voltage is over the threshold, and the schematic of the
configuration of the lab setup is shown in Fig. 12.

In the configuration, a five-level MMC is used to drive an
electric machine in a wind turbine emulator in motor mode,
and the physical setup of the five-level MMC and the wind
turbine emulator are shown in Fig. 13.

With the purpose of increasing the motor load, three resis-
tors are connected to the winding in parallel. Furthermore,
by this connection setup, the neutral point of the electric
machine can be accessed from the resistor “Y”’ point instead
of the stator windings. From the mechanical side, the motor
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Main Electrical Load
Machine

Multilevel

Resistor Converter

A

Bearing

Bearing
Current

Zshunt

Oscilloscope

FIGURE 13. Experimental setup: (a) The DC power supply and the
five-level MMC. (b) Wind turbine emulator.

shaft is connected to the main shaft of the wind turbine
emulator which is supported by a separate bearing. A carbon
brush is also mounted on the main shaft to monitor the
shaft voltage. The separate cylinder roller bearing, which is
the target test bearing, is a roller bearing with line contact
between the roller and its races. Compared with the ball
bearing inside the electrical machine, the roller bearing’s
line contact area is much larger than the ball bearing’s point
contact area. Thus, the capacitance of the roller bearing is
larger than the ball bearing.

The details of each component in the wind turbine emulator
are illustrated in Fig. 14. The target test bearing is mounted
in the bearing house which is made of plastic via 3D printing
technology. Its outer ring is locked inside the bearing house
by a screw from the side of the bearing. From the electrical
aspect view, the target bearing inner ring is connected to
the electrical machine’s output shaft, and its outer ring is
conducted to the ground via a shunt resistor. Thus the target
bearing’s voltage can be measured by the carbon brush, and
the bearing current can be measured via the voltage on the
shunt resistor.

The parameters of the five-level MMC are listed in Table 2.

B. MEASURED WAVEFORMS OF EXPERIMENT RESULTS
The measured phase currents, CMV, main bearing voltage,
and the bearing current for different cases are shown in
Fig. 15, Fig. 16, and Fig. 17 respectively.

VOLUME 12, 2024

Generator

Slip ring

Main shaft

Bearing house
(plastic)

Main board

/ (plastic)
/ Coupling
Carbon Brush

FIGURE 14. Detailed description of the wind turbine emulator.

Main bearing

TABLE 2. The experimental five-level MMC parameters.

Parameters Value | Unit
DC-link voltage Vg 100 A\
Submodules number Ngng 4 /
Submodule voltage Egng 25 \'
Submodule capacitance Cgng | S mF
Arm inductance Larm 2.3 mH
Switching frequency fsw 1000 Hz
Output frequency f 50 Hz
Load resistance Rjoaq 15 Q
Load inductance Ljyaq 5 mH
z. 80
= 2 60
2 oAU 2o
52 > 20
_40 0.1 0.2 0.3 0.4 0 0.1 0.2 0.3 0.4
Time [s] Time [s]
@ (b)
. _5
= =z J
E zn j‘
s 3,
’ 01 02 03 04 0 01 02 03 04
Time [s] Time [s]
© (d

FIGURE 15. Experiment results, without CMV reduction. (a) Three-phase
currents. (b) CMV. (c) Main bearing voltage. (d) Main bearing current.

C. ANALYSIS ON EXPERIMENT RESULTS
When observing the three-phase currents in the experiment
results for different cases, it can be seen that for the case
without CMV reduction and with the PCMVR strategy, the
currents are fairly sinusoidal, while for the case with the
CCMVR strategy, the currents have been strongly distorted
and are not sinusoidal anymore. This means that the current
THD of the CCMVR strategy is the highest compared to the
other two cases, and this is in line with the simulation results.
Another reason for this is that the inductance of the electric
machine is quite small in the experiment setup, thus causing
the currents to be less sinusoidal in the CCMVR case.

The CMVs in the experiment results are measured with
respect to the negative side of the DC-link of the converter,
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FIGURE 16. Experiment results, with PCMVR strategy. (a) Three-phase
currents. (b) CMV. (c) Main bearing voltage. (d) Main bearing current.
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FIGURE 17. Experiment results, with CCMVR strategy. (a) Three-phase
currents. (b) CMV. (c) Main bearing voltage. (d) Main bearing current.

not the middle point of it, thus the results have a DC offset
of 50 V. Compared with the CMV results in the simulation
for different cases, it can be seen that for the normal SVM
and PCMVR cases, the CMVs show similar waveforms both
in the simulation and in the experiment: the amplitude of the
normal SVM case is around %Esm; and the amplitude of the
PCMVR case is around %Esm. However, the CMV results
of the simulation and the experiment for the CCMVR case
are different: the CMV amplitude of the CCMVR case in the
experiment is higher than the expected O in the simulation
result. To further investigate this, a zoomed-in view of the
CMYV for the CCMVR case is presented in Fig. 18.

From Fig. 18, it can be seen that for the case of CCMVR,
the CMV is limited to around half of the DC-link voltage
which is 50V, while there are some oscillations around the
switching events, which caused that the CMV seems not to
be reduced as intended. The reason for these oscillations is
the stray inductance in the submodule of the MMC, and the
submodules are off-the-shelf products with fixed capacitor
connections, making it impossible to alternate. If we take
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FIGURE 18. Zoomed-in view of the experimental results of CMV for the
CCMVR case.

out the effect of the oscillations in the CMV in the CCMVR
case, it can be seen that the CMV is limited as desired.
Therefore, the physical constraints of the experiment setup
led to the deviation in the CMV experiment result compared
to the simulation for the CCMVR case, and this deviation
could be improved with a better design and connection of the
submodules in the MMC.

When observing the measured voltage and current in the
main bearing in Fig. 15, Fig. 16, and Fig. 17, the conclusion is
similar to the analysis of the CMVs. For the case of PCMVR,
it can be seen that the amplitude of the voltage in the main
bearing is reduced; the events that caused the current to be
presented in the main bearing are reduced; and the bearing
current amplitude is reduced as well. For the case of CCMVR,
due to the oscillations of the voltage around the switching
events, the voltage in the main bearing is not greatly reduced,
but it is still less than the case with the PCM VR strategy. The
total amount of events that caused the current to be present
in the main bearing is reduced compared with normal SVM
operation but it is similar to the case of PCMVR. However,
when checking the bearing current amplitude of the three
cases, it can be seen that the case without CMVR strategy
introduces the highest current amplitude of 4.87 A, and the
case using PCMVR strategy introduces a current amplitude
of 2.95 A, and the case using CCMVR strategy introduces
the lowest current amplitude of 1.67 A. Inserting these current
amplitude values into (2), considering the hertz contact area
and the bearing current occurrence frequency in all three
cases, the ratio of the electrical lifetime between them is
1 : 49 : 416. Therefore, by using the CMVR strategies, the
lifetime of the bearing can be greatly prolonged compared to
the case without CM VR strategy, thus increasing the system’s
reliability.

D. CONCLUSION ON EXPERIMENT RESULTS

In general, based on the path B in the equivalent circuit model
in Fig. 2, the CMV voltage does have an impact on the main
bearing, and different CMV reduction strategies can help with
the main bearing voltage and current amplitude. The PCMVR
strategy shows the best performance in the given experiment
conditions.
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VI. CONCLUSION

This study investigates the common mode voltage in systems
where an electric machine is driven by a converter, focusing
on different SVM-based CMV reduction strategies. Both
simulation and experimental analyses were conducted to
evaluate the effectiveness of these strategies.

The simulation results demonstrate that both PCMVR
and CCMVR strategies can effectively limit the CMV
amplitude as intended. However, they exhibit different trade-
offs: the PCMVR strategy results in a 6.7% increase in
switching losses but achieves the lowest current THD
(0.73%). Conversely, the CCMVR strategy can maintain the
CMYV amplitude near zero, reducing switching loss by 3.9%,
but it results in the highest current THD (1.81%) and limited
DC-link voltage utilization.

Experimental results with a wind turbine emulator reveal
that CMYV significantly impacts the main bearing. Implement-
ing a CMV reduction strategy reduces not only the amplitude
of the bearing current but also the number of the bearing
current events, thus increasing the reliability of the system.
Based on the bearing lifetime analysis, the PCMVR strategy
extends the bearing lifetime by a factor of 49, while the
CCMVR strategy extends it by a factor of 416, both relative
to no CMV reduction. Among the tested strategies, PCMVR
shows a better performance under the given experimental
conditions, achieving the best balance between reducing
CMYV impact on the bearing and maintaining manageable
switching loss and current THD.

However, a potential integration challenge of the studied
CMVR strategies within existing power systems is the
implementation complexity of CMVR strategies, due to
the requirement for a predefined switching sequence. This
predefined sequence reduces the flexibility of using redun-
dant switching states for multilevel converters, such as the
neutral point voltage balancing in the neutral-point-clamped
converters. Future work related to this study could involve
further investigation into designing switching sequences with
less implementation complexity.

Overall, this study underscores the importance of select-
ing appropriate CMV reduction strategies to mitigate
bearing-related failures in wind turbine applications and
potentially other electric drive systems.
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