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Abstract: Low level modular multilevel converter (MMC) is a promising candidate for medium
voltage applications such as MVDC (medium voltage DC current) transmission and megawatt
machine drives. Unlike high-level MMC using nearest level modulation (NLM), the low-level
MMC using the pulse width modulation (PWM) or NLM + PWM is affected by a common mode
voltage (CMV) due to a frequent change of a switching state. This CMV causes electromagnetic
interference (EMI) noise, common mode current (CMC) and bearing current leading to a reduction in
the efficiency and durability of the motor drive system. Therefore, this paper provides a mathematical
analysis on how the switching state affects the CMV and proposes three software based CMV
reduction algorithms for the low level MMC system. To reflect the characteristic of MMC modulation
strategy for upper and lower reference voltage independently, two separate space vectors are used.
Based on the analysis, three different CMV reduction algorithms (complete CMV reduction (CCR),
DPWM CMV reduction (DCR) and partial CMV reduction (PCR)) are proposed using NLC + PWM
modulation strategy. The performance of the proposed CMV reduction algorithms was verified by
both simulation and experimental result.

Keywords: modular multilevel converter; common mode voltage; medium voltage application;
NLM + PWM; space vector

1. Introduction

Modular multilevel converter (MMC) is an attractive and advanced multilevel con-
verter topology in the electric power industry. Due to its modularity and scalability, the
MMC can extend the active voltage level to meet the requirement needed in some industrial
applications such as VSC-HVDC (voltage sourced converter high voltage direct current),
FACTS (flexible alternative current transmission system), MVDC (medium voltage direct
current) and variable-speed drive systems [1–11]. Compared with 2-level or other multi-
level topologies, the MMC also has the lower harmonic content of an output waveform,
the higher voltage operating capability, reduced voltage derivatives, the smaller output
filters and an ability for redundant operation and fault-tolerant control [9–11]. In the power
industry area, the MMC is usually divided into two categories: the high level MMC and
the low level MMC. The high level MMC, namely the hundreds of the voltage level, is
used in the high voltage applications. Additionally, the low level MMC, the dozens of the
voltage level, is for the medium voltage applications.

Since MMC is configured of series-connected submodules (SMs) including power
semiconductor devices, it still has a common mode voltage (CMV) issue especially in the
medium voltage applications. In case of the high voltage applications, which adopts a
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nearest level modulation (NLM) method, the problem of the CMV is not a serious challenge.
The NLM is one of staircase modulation methods, which decides the switching states of SM
with duty cycle as 1 or 0 every control period without any carrier signals. It is very simple to
implement and synthesize SM capacitor voltages [12–14]. However, the MMC in medium
voltage applications do not use the NLM method due to the performance degradation in
the output waveform. Instead, they use a pulse width modulation (PWM) method. There
are several representative PWM methods for MMC: phase shifted (PS), phase disposition
(PD), phase opposition disposition (POD) and alternative phase opposition disposition
(APOD) [15–21]. Among these PWM techniques, as the PD-PWM method generates
2N + 1 voltage level (where N is the number of SMs in an arm) and uses the optimized
switching sequence on a hexagon for three phases system, it has the best performance
on total harmonic distortion (THD) [22,23]. Additionally, a hybrid modulation technique,
NLM + PWM, also exists [23]. The principle of the NLM + PWM method is that only one
carrier crossing the reference generates the gating signals with 0~1 duty ratio like the
PWM method and the other gating signals are generated through the NLM method. It is
similar to the PD PWM method and, in terms of the implementation, the only difference
between them is that PD PWM uses the multicarrier and NLM + PWM uses one carrier.
The NLM + PWM method can also be implemented through a space vector [23]. However,
as these modulation techniques make a frequent change of switching states, the CMV
becomes an undesirable and critical issue in the medium voltage applications.

The CMV is commonly defined as a voltage difference between a DC side neutral
point and a load side neutral point in the DC–AC power conversion system [24]. As the
pole voltages synthesized by the switching operation of each phase are discontinuous, the
common mode voltage has high frequency components, which leads the stray impedance
existing between two points to be decreased. The problems of the CMV are: (a) an electro-
magnetic interference (EMI) noise, (b) a common mode current (CMC) damaging physical
systems and causing malfunctions of devices related to networks or protections and (c) a
bearing current reducing the durability and efficiency of the motor drive systems [25–29].
Although the DC voltage of the MMC is distributed into the capacitor of SMs, if the MMC
has the low number of SMs, the magnitude of the CMV is relatively high enough to have a
serious effect on the whole system [30].

In order to reduce the CMV generated in the MMC, various reduction methods have
been studied [30–33]. The paper in [31] deals with the CMV reduction for the flying-
capacitor modular multilevel converter based motor drive system. Although this algorithm
successfully eliminates the CMV, it causes a 10% increase in the switching frequency, which
will lead to a higher switching loss. The paper in [30] adopts the same CMV reduction
algorithm used in [31] and applies to the MMC system connected with an unsymmetrical
grid. Another CMV elimination scheme has been proposed for an open-end stator winding
induction motor [32]. An open-end stator winding induction motor requires the dual MMC
system and the interaction between the CMV of MMC1 and MMC2 is manipulated to
cancel the overall CMV current in to the machine.

This paper proposes a CMV reduction algorithm to a half-bridge (HB) three-phase
MMC system that is configured as double star chopper-cells (DSCCs) of [33,34]. First,
the CMV is mathematically analyzed to determine how the interaction of the switching
sequence in the upper and lower arm of the MMC system affect the magnitude of the CMV.
Then, the switching sequence and the resulting CMV for various modulation methods
are explained using a separate space vector diagram to the upper and lower arm of the
MMC system. Based on the analysis, three different CMV reduction algorithms (complete
CMV reduction (CCR), DPWM CMV reduction (DCR) and partial CMV reduction (PCR))
are proposed. The three CMV reduction algorithms provide different results with respect
to the CMV and the harmonic content of the output current and hence applied based
on the specific applications. The rest of the paper is organized as follows. In Section 2,
the principle of the three-phase N + 1 level MMC is described. Section 3 covers the
mathematical analysis of the CMV. In Section 4, the proposed algorithms for the CMV
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reduction are elaborated. Sections 5 and 6 provide the simulation and experimental results,
which verify the performance of the proposed algorithms, respectively. Finally, Section 7
states the conclusion.

2. Basics of MMC

Figure 1 shows the three-phase N + 1 level HB-MMC. It consists of a DC source, an
arm inductor and six-arms where each arm has N series-connected SMs. The half-bridge
submodule (HBSM) is comprised of a capacitor and two power semiconductors. During the
normal operation, based on a switching state of the SM and a direction of an arm current
flowing through the arm, the SM capacitor (vc,xu,l,N) is charged or discharged. Normally,
the two switches, an upper (S1) and a lower (S2) switch, operate complementally. The
definition of a switching function for the SM is described as [35]:

Sxu,ln =

{
1 (S1xu,ln = 1, S2xu,ln = 0)
0 (S1xu,ln = 0, S2xu,ln = 1)

(1)

where the subscript, x, denotes a phase among a, b, and c and the subscripts, u and l, are
denoted for the upper and the lower arm and the subscript, n, represents the SM number
(1, 2, . . . , N). Table 1 shows the operation of the SM. For example, if the switching function,
Sxu,ln, is 1 and the positive arm current flows through the SM, the SM capacitor voltage is
charged. Assuming the voltage drop across the SM components to be negligible, the SM
voltage is defined as (2) [35].

vsm,xu,l,n = Sxu,ln × vc,xu,l,n (2)

Figure 1. Three-phase N + 1 level modular multilevel converter (MMC) circuit configuration.
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Table 1. Submodules (SM) capacitor voltage state based on the switching states and the direction
arm current.

Direction
S S = 1 S = 0

Positive Charge Charge
Negative Discharge No change

The resulting arm voltages of the MMC are synthesized from SM voltages based on
the corresponding switching states, as deduced in (3).

vxu,l =
N

∑
n=1

vsm,xu,l,n =
N

∑
n=1

Sxu,ln × vc,xu,l,n (3)

Figure 2 shows the single-phase equivalent circuit of the three-phase MMC. The
currents, ixu and ixl , are the upper and lower arm current, respectively. The output phase
current and the leg current are calculated form the arm currents, as described in (4) and (5).
From (4) and (5), the arm currents can be deduced as (6) and (7) [5].

ixs = ixu − ixl (4)

ixo =
ixu + ixl

2
(5)

ixu =
ixs

2
+ ixo (6)

ixl =
ixs

2
− ixo (7)

Figure 2. Single-phase equivalent circuit of three-phase N + 1 level MMC.

From the closed loops of the single-phase equivalent circuit, the voltage equations can
be induced as [5]:

vxn =
vxl − vxu

2
− (ixu − ixl)(Rarm + sLarm)

2
(8)

(ixu + ixl)(Rarm + sLarm) = Vdc − (vxu + vxl) (9)

where the lower character, s, is the differential operator, d/dt. From (8) and (9), the
output electromotive force (EMF) and the leg internal voltage can be defined as (10) and
(11), respectively.

ex =
vxl − vxu

2
(10)

vxo = (Rarm + sLarm)ixo (11)
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Substituting (4) and (10) into (8), the pole voltage is written as (12). Additionally,
substituting (5) and (11) into (9), the leg internal voltage is deduced as (13) [5].

vxn = ex −
(Rarm + sLarm)

2
ixs (12)

vxo =
Vdc − (vxl + vxu)

2
(13)

The upper and lower arm voltage synthesizes reference voltages to regulate the output
current and leg current. The control for the MMC adopts a direct modulation method [36].
The output current is regulated by a vector control based on a fundamental frequency
rotating frame. In case of the leg current, since the direct modulation method assumes that
the arm voltage is constant without considering capacitor voltage variation, a negative
sequence 2-nd harmonic current flows through the inner side of the MMC. So, the negative
sequence current controller, called CCSC, is proposed in [36]. From (12) and (13), the upper
and lower arm reference voltages are deduced as [36]:

v∗xu =
Vdc
2
− e∗x − v∗xo (14)

v∗xl =
Vdc
2

+ e∗x − v∗xo (15)

where an asterisk, “*”, represents a reference. The entire control algorithm for the direct
modulation method is shown in Figure 3.

Figure 3. Direct modulation method of three-phase MMC.

3. Analysis of CMV in Three Phases N + 1 Level MMC
3.1. Definition of CMV

The capacitor voltages of the SM should be balanced for the normal operation of the
MMC. Since the DC bus voltage is evenly distributed to the SM capacitors, each capacitor
can be approximated to Vdc/N. From (2), the SM voltage is rewritten as (16).

vsm,xu,l,n = Sxu,ln ×
Vdc
N

(16)
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Substituting (3) and (16) into (8) and considering that the resistance of the arm inductor
is small, the pole voltage can be deduced as (17) [24].

vxn =
vdc
2N

N

∑
k=1

(Sxlk − Sxuk) + Larm
d
dt
(ixl − ixu)=

vdc
2N

N

∑
k=1

(Sxlk − Sxuk) + Larm
d
dt

ixs (17)

The CMV is defined as the average of the three pole voltages, as described in (18).
From (17) and (18), the CMV for the MMC is deduced as (19).

vsn = vcm =
1
3
(van + vbn + vcn) (18)

vcm =
Vdc
6N

N

∑
k=1
{(Salk + Sblk + Sclk)− (Sauk + Sbuk + Scuk)}−

1
3

Larm(ias + ibs + ics) (19)

The sum of the switching function in (19) represents the turn-on number of the SMs
for the upper or lower arm and is expressed as (20).

Non,u,l =
N

∑
k=1

(Sau,l + Sbu,l + Scu,l) (20)

Additionally, assuming a balanced three phase system, the last term of the right-hand
side of (19) can be canceled. Substituting (20) into (19), the definition of the CMV is
rewritten as (21).

vcm =
Vdc
6N

(Non,l − Non,u) (21)

The difference between the turn-on number of the upper and lower SMs is defined as
the common mode voltage step, CMVstep, in (22).

CMVstep = Non,l − Non,u (22)

Substituting (22) into (21), the CMV for the three phases MMC is simplified as (23).

vcm =
Vdc
6N

CMVstep (23)

From (22) and (23), it can be concluded that the CMV of the MMC is an integer
multiple of Vdc/6N and CMVstep can be used to regulate the CMV in the MMC.

3.2. CMV Anlaysis on Space Vector

The DC bus voltage of the MMC is synthesized by the SM capacitor voltages. To keep
the DC bus voltage constant, the inserted SMs in one phase should be kept as N. However,
as shown in (14) and (15), since the reference voltages of the upper and lower arm include
the leg internal reference voltage, the sum of them is not Vdc. Additionally, in the low level
MMC using the PWM or NLM + PWM method, the switching sequence varies depending
on the phase difference between the carriers. Theses result in the CMV generation in
the MMC. Therefore, in order to analyze the CMV and CMVstep, two independent space
vectors were used for the upper and lower arm references.

Figure 4 shows that the three-phase 5-level MMC. In Figure 4a, it shows that the
upper and lower reference voltage vectors (V∗u and V∗l ) were located on a separate space
vector, Hu0 and Hl0, respectively. On the space vector, the two reference voltage vectors are
defined as:

V∗u,l =
2
3

(
v∗au,l + v∗bu,l ·e

j 2π
3 + v∗cu,l ·e

j 4π
3

)
(24)
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where ej 2π
3 = − 1

2 + j
√

3
2 and ej 4π

3 = − 1
2 − j

√
3

2 [23]. Substituting (14), (15), (16) and (17) into
(24), the reference voltage vectors can be deduced as:

V∗u,l =
2
3

Vdc
N

(Non,au,l −
1
2
(Non,bu,l + Non,cu,l) + j

√
3

2
(Non,bu,l − Non,cu,l) (25)

where Non,au,l , Non,bu,l and Non,cu,l are the turn-on number of three-phase upper and lower
SM. In Figure 4b, the turn-on number of SMs represents the switching sequences on the
space vector. Therefore, the NLM + PWM method can be analyzed on the hexagons. As
shown in Figure 4b, the center of the outer hexagon (H5), O5, is changed to the point, Ol2,
where the active voltage vector (V∗BS) is located. Additionally, the 2-level space vector
(H2) is configured around the reference voltage vector. The reference voltage vector is
expressed as:

V∗u,l = V∗BSu,l + V∗PWMu,l (26)

where V∗BSu,l is the active voltage vector defined as the base reference voltage vector for the
NLM method and V∗PWMu,l is the PWM reference voltage vector for the PWM method. Both
V∗BSu,l and V∗PWMu,l can be calculated from (24), but these can also be simply implemented
by the following calculations:

BSxu,l = Floor

(
v∗xu,l

vsm

)
(27)

v∗PWMxu,l = v∗xu,l − BSxu,lvsm (28)

where BSxu,l is the base sequence (BS), which means the number of submodules that must
be kept ON over one switching period, v∗PWMxu,l is the PWM reference voltage and vsm is
the output voltage of the submodule, assumed as Vdc/N. Since the base sequence (BSxu,l)
is the result of the floor function, it always has the integer value and is used for the NLM
method. The PWM reference voltage (v∗PWMxu,l) is used for the PWM method.

Figure 4. Space vector and nearest level modulation (NLM) + pulse width modulation (PWM) analysis for the common
mode voltage (CMV) in the three-phase 5-level MMC: (a) independent space vector for the upper and lower arm reference
voltages and (b) NLM + PWM analysis for the reference voltage vector on the space vector.

Figure 5 shows the modulation process for the lower arm reference, using the
NLM + PWM method on the space vector and the switching sequence of the three-phase
5-level MMC. First, the base sequence, BSxl is determined by (27). Accordingly, Figure 6a
shows that the always-on number of the submodules for phase a, b and c of the lower arm
were decided to be 3, 1 and 0, respectively. Additionally, then the two-level space vector is
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formed around BSxl and the PWM reference voltages are modulated with a carrier. With
the down-up carrier starting from off-sequence to on-sequence, the number of on-state SMs,
NPWMon,l , is 0→1→2→3→3→2→1→0 in sequence. As the sum of BS of the lower arm,
Sum(BSabcl), is 4, the total number of the on-state SMs, Non,l , is 4→5→6→7→7→6→5→4
in sequence. The process for the upper arm can also be carried out in the same way. The
modulation results for the upper and lower arm are depicted in Figure 6b. If both upper
and lower arm NLM + PWM schemes use the same carrier, the CMV happen occurs 12
times for Tsw.

Figure 5. Implementation of NLM + PWM for the lower arm reference voltage vector: the movement
of switching sequence for V∗l .

Figure 6. Implementation of NLM + PWM for the both arm reference voltage vector: (a) determination of the BS and the
PWM reference voltage of V∗l and (b) switching sequences for both arms references and the CMV generation.

The PS, POD and APOD modulation methods had different results in the CMV
generation. Since the NLM + PWM or PD methods had in-phase carriers for the two arms,
the switching patterns were out of phase as depicted in Figure 7a. However, in Figure 7b,
the PS, POD and APOD methods had carriers with 180-degree out of phase, both switching
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patterns were in phase each other. Table 2 summarizes the characteristics of the switching
pattern, the CMV voltage and the output voltage for various carrier-based modulation
methods. Among the carrier-based modulation methods, the NLM + PWM had the highest
voltage level, which means the best performance of the output waveform. Therefore, based
on the NLC + PWM method, the reduction strategies for the CMV were discussed in the
following sections.
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Table 2. Characteristics of the CMV and the output waveform for various carrier-based modulations.

PD, NLC + PWM PSC, POD, APOD

Carriers between the upper and
lower arms In-phase carriers 180◦ out of phase carriers

Switching pattern Shifted pattern In-phase pattern
Maximum CMVstep ±4 steps ±2 steps

Number of changes in CMV
(One switching period) 12 times 6 times

Arm voltage level 5 levels (N + 1) 5 levels (N + 1)
Output voltage level 11 levels (2N + 1)

4. CMV Reduction in MMC
4.1. Complete CMV Reduction (CCR) Method

The complete CMV reduction (CCR) method selectively uses switching sequences that
can bring the common mode voltage to null [37]. The NLC + PWM technique modulates
the reference voltage by using the three active vectors nearest to the reference voltage
vector, which results in a good THD characteristic. However, it causes the CMV in most
switching sequences. Assuming that both arm references are 180◦ out-of-phase in the three
phases N + 1 level MMC topology, it can be found that the CMV does not happen under
the condition, defined as (29).

BSau,l + BSbu,l + BScu,l =
3
2

N (29)

The switching sequences satisfying (29) make a new 30-degree out-of-phase N − l level
hexagon. For example, as shown in Figure 8a, in the 5-level MMC, the switching sequences
of which the arithmetic operation in (29) is 6 configures the 30-degree out-of-phase 3-level
hexagon, H3. The conventional NLM + PWM technique for both upper and lower arm
references voltage vector (V∗u and V∗l ) uses the switching sequences, (023), (034), (024)
and (134), nearest to V∗u with the BS (023) and (421), (420), (410) and (310), nearest to V∗l
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with the BS (421), respectively. From (22) and (23), the CMVs are generated in the most
cases. However, in the CCR method, the BS for the upper arm is changed to (023) with the
switching sequences, (123), (033) and (024) while the BS for lower arm is changed to (321)
with switching sequence (321), (411) and (420). Therefore, from (21) and (22), the CMV
does not exist in CCR method.

Figure 8. The complete CMV reduction (CCR) method in the 5-level MMC: (a) 30-degree out-of-phase space vector and
the switching sequences for the cancellation of the CMV and (b) the manipulation of space vector and references for
implementation of the CCR method.

The implementation of the CCR method requires two steps: modulation for the
references in N − l level space vector and reconstruction for the N − l level-based switching
sequences to N + 1 levels-based switching sequences. The modulation process is similar to
the conventional one, but, in order to modulate the references N − l level space vector of
which the phase is shifted anticlockwise by 30-degrees and the magnitude is

√
3/2 times

smaller than N + 1 level space vector, the references and the space vector should be rotated
to the position of N + 1 level space vector. The N − l level space vector is rotated clockwise
by 30-degrees and the magnitude is scaled to N + 1 level space vector. With the change in
the N − l level space vector, the references for each arm are shifted by 30-degrees, expressed
in (30)–(32).

v′au,l =
1√
3
(vau,l − vcu,l) +

Vdc
2

(30)

v′bu,l =
1√
3
(vbu,l − vau,l) +

Vdc
2

(31)

v′cu,l =
1√
3
(vcu,l − vbu,l) +

Vdc
2

(32)

Additionally, the new base and PWM reference voltage vectors are induced as (33)
and (34).

V′∗BSu,l =

√
3

2
V∗BSu,l × ej π

6 (33)

V′∗PWMu,l =

√
3

2
V∗PWMu,l × ej π

6 (34)

From (27) and (28), the new base sequence and PWM reference voltages are calculated
as (35) and (36).

BS′xu,l = Floor(
(N − 2)v′∗xu,l

Vdc
) (35)
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v′∗PWMxu,l = v′∗xu,l − BS′xu,l × (
Vdc

N − 2
) (36)

As show in Figure 8b, the reference voltage vectors and 3-level space vector scaled
by
√

3/2 (H′3) were rotated by 30-degrees. Additionally, the switching sequences were
redefined on the 3-level space vector (H′3). The base and PWM reference voltage vectors
(V′∗BSu,l and V′∗PWMu,l) also moved with the 3-level space vector. Therefore, the upper arm
switching sequences were (011), (021) and (022) with the upper arm base sequence of (011)
and the lower arm switching sequences were (100), (200) and (201) with base sequence (100).

The reconstruction of the BS (BS′xu,l) were implemented to determine the number of
the turn-on SMs for the N + 1 level MMC. Then substituting (25) and (29) into (33), the
reconstructed turn-on SMs for each arm were deduced as (37)–(39).

Non,au,l =
N
2
(1 +

1
N − 2

(
N′on,au,l − N′on,bu,l

)
) (37)

Non,bu,l =
N
2
(1 +

1
N − 2

(
N′on,bu,l − N′on,cu,l

)
) (38)

Non,cu,l =
N
2
(1 +

1
N − 2

(
N′on,cu,l − N′on,au,l

)
) (39)

The PWM reconstruction, however, requires a simple calculation due to the switching
operation of a PWM module in a hardware system. Therefore, the reconstruction factor is
defined as (40)–(42).

FBS,au,l =

{
1, (v′∗PWMau,l > v′∗PWMbu,l)
0,

(
v′∗PWMau,l ≤ v′∗PWMbu,l

) (40)

FBS,bu,l =

{
1 (v′∗PWMbu,l > v′∗PWMcu,l)
0

(
v′∗PWMbu,l ≤ v′∗PWMcu,l

) (41)

FBS,cu,l =

{
1 (v′∗PWMcu,l > v′∗PWMau,l)
0

(
v′∗PWMcu,l ≤ v′∗PWMau,l

) (42)

Additionally, then, the reconstructed switching signals were directly determined by
logical operations defined as:

SPWMxu,ln = S′PWMau,l ⊕ S′PWMbu,l (43)

where SPWMxu,ln and S′PWMxu,ln are the reconstructed and manipulated switching function,
respectively, the operator (⊕), is the exclusive OR (XOR). If the reconstruction factor is 1
from (40) to (42), the result of the switching function is added to the reconstructed BS. If
the reconstruction factor is 0, the result is subtracted from the reconstructed BS. Figure 9
shows that the CCR method determined the upper and lower arms switching patterns
with the reference voltage vectors in Figure 8 and the six turn-on SMs satisfying (29) were
generated. Therefore, the CMV was canceled over one switching period.

4.2. DPWM CMV Reduction (DCR) Method

The DPWM CMV reduction (DCR) method uses the principle of the discontinuous
PWM (DPWM) technique. In this paper, 60-degree DPWM was adopted to reduce the CMV.
As shown in Figure 4b, it can be found that a few switching sequences could generate the
same active voltage vector. For example, in Figures 5 and 6b, the switching sequences,
(421), (420), (410) and (310) were used to modulate the lower arm reference voltage vector
(V∗l ) and the switching sequences, (421) and (310), generated the same active voltage vector.
If the switching sequences for one active voltage vector are limited to only one switching
sequence by injecting an offset voltage, the number of the CMV generation can be reduced.
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Figure 9. The switching patterns and the turn-on SM for the upper and lower arms using the CCR method: (a) upper arm the
switching pattern and the number of turn-on SMs and (b) lower arm the switching pattern and the number of turn-on SMs.

The maximum and minimum PWM reference voltages are defined as:

vPWMmax,u,l = max(v∗pwm,xu,l) (44)

vPWMmin,u,l = min(v∗pwm,xu,l) (45)

where max() and min() select the maximum and the minimum out of variables, respectively.
The offset voltage for 60-degree DPWM is defined as:

vDCRo f f ,u,l =

{ Vdc
N − vPWMmax,u,l , (vPWMmax,u,l + vPWMmin,u,l >

Vdc
N )

vPWMmin,u,l ,
(

vPWMmax,u,l + vPWMmin,u,l ≤ Vdc
N

) (46)

where vmax,u,l and vmin,u,l are the maximum and the minimum of three-phase PWM refer-
ence voltages for the upper and lower arms, respectively. Adding (45) to both (14) and (15),
the upper and lower arm references for the DCR method are deduced as (47) and (48):

v∗xu =
Vdc
2
− e∗x − v∗xo + vDCRo f f ,u (47)

v∗xl =
Vdc
2

+ e∗x − v∗xo + vDCRo f f ,l (48)

In Figure 10a, without the DCR method, the CMV happened 12-times during a switch-
ing period. Additionally, it shows that the switching sequences, (310) and (421), generated
the same active vector and the number of the turn-on SMs were 4 and 7, respectively.
However, after applying the DCR method, the offset voltages (vDCRo f f ,u,l) were added to
each PWM reference voltages and caused the reduced switching patterns. Additionally, the
switching sequence (321) was not used, but the switching sequence (421) was extended by
the switching time of the (321) switching sequence. Since the number of the active voltages
were reduced, the CMV occurred 8-times with about a 33% decrease.
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Figure 10. Implementation of the CCR method: (a) the switching patterns and the CMV before applying the CCR method
and (b) the switching patterns and the CMV after applying the CCR method.

4.3. Partial CMV Reduction (PCR) Method

The normal NLC + PWM technique always causes five CMVstep, −2, −1, 0, +1 and
+2. As shown in Figure 11a, if the reference voltage vector rotates on the space vector over
one reference period (60 Hz, 16.67 ms), the ±2 CMVstep happens every 60-degrees. If the
difference between the sum of the base sequences of the upper and lower arm reference
voltages in Figure 11b was ±1, the CMVstep was ±2 as shown in Figure 11a. To reduce
the maximum CMV and limit CMVstep to −1, 0 and +1, the partial CMV reduction (PCR)
method evaluated the conditions generating the maximum CMVstep and then injected the
maximum CMV as the offset voltage to the reference voltages.

Figure 12 shows the switching pattern for the reference voltage vectors (V∗1u and
V∗1l) of Figure 11. In Figure 12a, the BSs of two arms were (310) and (023) and their sum
were 4 and 5, respectively, which resulted in the difference of −1. The maximum of the
CMV voltage occurred at the point where the maximum of the lower arm turn-on SM
(Non,l,max) and the minimum of the upper arm turn-on SM (Non,u, min) occurred. Since the
two switching sequences, (310) and (023) output the active vector of same magnitude and
opposite direction, the offset voltages were added to each arm to remove the maximum the
CMV. The condition for evaluating the maximum CMV is defined as (49).

FPCR =


0, (Sum(BSabcu − BSabcl) = −1, vPWMmax,u,l − vPWMmin,u,l > 0)
1, (Sum(BSabcu − BSabcl) = 1, vPWMmin,u,l − vPWMmax,u,l > 0)

2, (FPCR 6= 0 , 1)
(49)
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Figure 11. Generation of the CMV of two reference voltage vectors (V∗1 and V∗2 ) in the normal NLM + PWM method: (a) +2
and −2 CMV step generation over one reference period and (b) distribution of sum of BS of two vectors (V∗1 and V∗2 ) on the
space vector.

Figure 12. The maximum CMV generation with and without the PCR method: (a) +2 CMV generation without the PCR
method and (b) decreased the maximum of the CMV with the PCR method.

According to (49), the offset voltages for the PCR method are defined as (50) and (51).

vPCRo f f ,u =


− vPWMmin,u−vPWMmax,l

2 , FPCR = 0
vPWMmin,u−vPWMmax,l

2 , FPCR = 1
0 , FPCR = 2

(50)
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vPCRo f f ,l =


vPWMmin,u−vPWMmax,l

2 , FPCR = 0
− vPWMmin,u−vPWMmax,l

2 , FPCR = 1
0 , FPCR = 2

(51)

As shown Figure 12b, the offset voltages were added to the reference voltages. Since
the maximum and the minimum of the number of the turn-on SMs did not occur at the
same time, 2-CMVstep was removed. The decrease of CMVstep was proportional to the
number of the section where the CMV generates. This means that the CMV reduction was
not even according to a fundamental frequency and a modulation index (MI). Generally,
the PCR method resulted in about a 10–15% CMV reduction.

5. Simulation

The 5-level MMC was used to verify the proposed algorithms in MATLAB/SIMULINK.
The parameters for the MMC system were designed based on the circulating current, the
MMC level and the magnitude of the DC link voltage [38]. The switching frequency were
determined by a DSP calculation time of a laboratory setup including the AC output con-
trol, the circulating current control and the voltage balancing algorithm. The parameters of
the system are summarized in Table 3. The magnitude and quantity of the CMV voltage
were investigated with and without the proposed algorithms. It was also investigated
whether the proposed algorithms have an effect on the output waveform.

Table 3. Simulation Parameters for the 5-level MMC system.

Parameter Value

DC source 150 (V)
SMs per arm 4 (EA)
SM Capacitor 2200 (uF)
Arm Inductor 5 (mH)

AC output frequency 60 (Hz)
Switching frequency 10 (kHz)

Load 15 (Ohm)

Figure 13 shows the results of the NLC + PWM method without any proposed algo-
rithms. The modulation index was 0.8. In Figure 13a,b, the maximum of CMVstep was
2 and, from (22) and (23), the CMV was proportional to the CMVstep. The CMV occurred
20,000 times during one reference period and each step of the CMV was 150/24 = 6.25 V.
Since NLC + PWM had good performance due to the 2N + 1 level output voltage, the THD
of output waveform was 0.57%.

Figures 14–16 shows the results for the three proposed algorithms. Figure 14 shows
the CCR algorithm results. Since the CCR method used specific sequences satisfying (29),
the CMV was removed completely. However, as the active voltage vectors were not nearest
to the reference voltage vector, the output waveform had a higher THD (1.23%). The DCR
method, as shown in Figure 15, reduced the CMV by 33% compared with the result without
the proposed algorithms in Figure 13. Additionally, it does not have a serious effect on the
THD result (0.57%). In Figure 16, the PCR method removed the maximum CMV using the
offset voltage. Similar to the DCRM result, the PCR method also did not cause a critical
problem on the output currents (THD 0.58%).
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Figure 13. Simulation results without the proposed algorithms: (a) CMVstep; (b) CMV output and (c)
three-phase output currents and total harmonic distortion (THD).

Figure 14. Simulation results for the CCR method: (a) CMV output; (b) Three-phase output currents and THD.
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Figure 15. Simulation results for the DPWM CMV reduction (DCR) method: (a) CMV output and (b) three-phase output
currents and THD.

Figure 16. Simulation results for the partial CMV reduction (PCR) method: (a) CMV output and (b) three-phase output
currents and THD.

6. Experiment

The proposed CMV reduction methods were verified by experiment performed on
a 5-level MMC setup as shown in Figure 17. The specifications of the system were the
same with that of the simulation given in Table 3. Additionally, the dead-time of power
switch operation was 1 us. The 5-level MMC laboratory setup was implemented by the
DSP (TMS320C28346) for main controller and the FPGA (CYCLONE4) for PWM modules.

Figure 17. The 5-level MMC experiment setup.
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Figure 18 shows the test results without the proposed algorithms using the NLC + PWM
and MI = 0.8. The CMV occurred 12-times for one switching period. From (23), the CMV
was 150/24 = 6.25 V per step with the maximum was 2 steps. The enlarged waveforms,
shown in Figure 18b, had the voltage ripples when the CMV voltage was changed. It was
mainly caused by the dead time to prevent short circuit. Figure 19 shows the waveforms
with the CCR method. The CCR method removed the CMV, which was generated by the
switching operation of the SMs. However, the CMV still exited due to the deadtime effects.
In Figure 20, the DCR method only reduced the number of the CMV generation and the
CMV occurred 8-times during a switching period. In Figure 21, the PCR method removed
the maximum CMV and the CMVstep was limited to ±1.

Figure 18. Experiment results without the proposed algorithms: (a) three-phase output currents and CMV output and (b)
enlarged waveforms of (a).

Figure 19. Experiment results for the CCR method: (a) three-phase output currents and CMV output and (b) enlarged
waveforms of (a).

Figure 20. Experiment results for the DCR method: (a) three-phase output currents and CMV output and (b) enlarged
waveforms of (a).
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Figure 21. Experiment results for the PCR method: (a) three-phase output currents and CMV output and (b) enlarged
waveforms of (a).

7. Conclusions

In this paper, the common mode voltage analysis based on two separate space vectors
was proposed. The two separate space vectors could represent the turn-on SMs as the
switching sequence for three-phase arms and the CMV was analyzed in detail. Additionally,
three common mode voltage reduction methods were proposed: (a) CCR method, (b) DCR
method and (c) PCR method. The CCR method removed the CMV voltage completely, but
it caused higher distortion of the output current compared with other proposed algorithms.
The DCR method used the 60-degree DPWM method and reduced the CMV by about
33%. However, the maximum CMV kept ±2 CMVstep, which was the result without the
proposed algorithm. The PCR method always limited the maximum value of the CMV
to ±1 CMVstep. Since the maximum CMV was 2 CMVstep in the NLC + PWM method,
the PCR algorithm could remove ±2 CMVstep. However, the fluctuation of the CMV was
reduced by 8%. In both the DCR and PCR method, the third harmonic component is the
offset voltage, which reduced the CMV and had almost no effect on the output current.
As a result, the THD was 0.56% without the proposed algorithm, but it changed to 1.23%,
0.57% and 0.58% in the CCR, DCR and PCR method, respectively. The proposed analysis
and reduction methods were verified by using MATLAB simulations and experiments.
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