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Abstract—The 2N+1 submodule unified pulsewidth modulation
(SUPWM) is attractive for modular multilevel converters (MMCs).
To generate 2N+1 voltage levels, the SUPWM results in voltage
pulses imposed on the arm inductors, which produces large high-
frequency current ripple in the dc link of the MMC and deteriorates
the dc-link performance. In this article, the dc-link high-frequency
current ripple under 2N+1 SUPWM is analyzed and a reduced
dc-link current ripple control method is proposed for advanced
2N+1 SUPWM. By regulating the phase angles of the three-phase
carriers in each carrier period, the resulted voltage pulses on the
arm inductors of three phases can be counteracted, and therefore
the dc-link high-frequency current ripple is suppressed. With the
proposed method, the MMC has much reduced dc-link current
ripple, which effectively improves the performance of the MMC
under 2N+1 SUPWM. Simulations and experiments are conducted
to verify the validity and effectiveness of the proposed control.

Index Terms—2N+1 submodule (SM) unified pulsewidth
modulation (SUPWM), control strategy, dc-link current ripple,
modular multilevel converters (MMCs).

I. INTRODUCTION

MODULAR multilevel converters (MMCs) have aroused
extensive research interests from both academia and

industry since it was first presented in 2000s [1] and have
received increasing attentions over the past decade [2]–[4]. It
consists of many stacked submodules (SMs) with energy storage
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capacitors in the arms so that the dc-link capacitor is removed [5].
Compared with other existing multilevel converters, the MMC
brings many merits, such as modularity, scalability, flexibility,
common dc bus, and high efficiency, which makes it a promising
topology for high-power applications [6]–[8].

The dc-link current ripple is one of the issues for the MMC,
which has been addressed by a number of research works so far
[9]–[19]. It will distort the delivered dc-link current, deteriorate
the dc-link power quality, result in extra losses and potential
instability issues, and affect the power equipment connected to
the dc link. Therefore, it is of significance to suppress the dc-link
current ripple.

To date, a few literatures have focused on solving the fluc-
tuations of the dc-link current for MMCs under faults, such as
the unbalanced grid conditions [9], [10] and the SM faults [11],
[12]. However, the dc-link current ripple is also produced in the
MMC under its normal operation, which has been addressed
by some studies [13]–[21]. Depending on the different causes,
these studies can be grouped into two categories. One category
is that the dc-link current ripple is caused by the circulating
current control. Li et al. [13] investigated the mechanism of the
dc-link current ripple caused by circulating current suppression
(CCS). Li et al. [14] presented a modified MMC topology by
employing a CCS inverter and replacing the arm inductors with
three-winding transformers. The current harmonics in the arms
caused by CCS is absorbed by the SM capacitors and does not
flow into the dc link of the MMC with this topology, which
achieves lower dc-link current ripple and better dc-link power
quality. Li et al. [15] developed an arm inductor selection rule
for the MMC considering the effect of CCS under the SM
unified pulsewidth modulation (SUPWM), which can reduce the
high-frequency harmonics of the arm current and the dc-link cur-
rent ripple. He et al. [16] presented a hybrid modulation-based
control, where the ac-side voltage is modulated by the nearest
level modulation (NLM) and the CCS voltage is modulated by
the PWM. The dc-link current ripple is reduced compared with
the conventional NLM. Deng et al. [17] presented a dc-link
high-frequency current ripple eliminating control method by
employing the two-group carrier-based phase-disposition PWM
(PD-PWM), where the ac-side voltage and the CCS voltage are
modulated separately by different group of carriers. Yu et al. [18]
presented a control method based on the improved two-group
multicarrier PD-PWM to suppress the dc-link current ripple
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caused by the CCS. Gao et al. [19] presented a model predictive
control method considering the dc-link current, where the dc-
link current ripple caused by high-frequency circulating current
injection is reduced. The other category is that the dc-link current
ripple is caused by the carriers’ configuration in modulation. In
[20], a carrier phase shifted PWM method with modified phase
shifting angles is presented, which would lead to high-frequency
current ripple in the dc link of the MMC. To solve the problem,
Deng and Chen [21] presented a control method based on the
regulation of the phase-shifted angles of the carrier waves, which
can eliminate the dc-link current ripple.

The technique that applying carriers with same phase angles
for both the upper arm and lower arm of one phase leg is widely
used in the MMC, where the maximum ac output voltage levels
can increase from N+1 to 2N+1. The ac-side voltage harmonics
analysis with this technique under various modulation schemes
has been conducted in [22] and [23]. But little attention has
been paid on the dc-link current performance of the MMC.
The SUPWM is attractive for its lower computational burden
and relatively small control complexity [15], [24]–[28]. Li et al.
[27] presented the 2N+1 SUPWM, which has better ac voltage
quality in comparison with the N+1 SUPWM. The ac voltage
spectrums of 2N+1 SUPWM are also given in [28]. However, the
number of total inserted SMs in each phase of the MMC under
2N+1 modulation does not always equal N, but varies among
N−1, N, and N+1. Consequently, the 2N+1 SUPWM causes
voltage pulses imposed on the arm inductors and produces
high-frequency current harmonics in the arm current, which
further results in a large current ripple in the dc link of the MMC.
Unfortunately, it has not been discussed and solved yet.

In this article, the dc-link high-frequency current ripple caused
by 2N+1 SUPWM is analyzed in detail. A reduced dc-link
current ripple control method is proposed to suppress the dc-link
high-frequency current ripple of the three-phase MMC under
2N+1 SUPWM. Through shifting the phase angles of the carri-
ers in phases A, B, and C, respectively, in each carrier period, the
high-frequency current ripple in the dc link of the MMC can be
eliminated, which effectively improves the performance of the
MMC. The primary contributions of this article are as follows:
1) it reveals the dc-link current ripple under conventional 2N+1
SUPWM theoretically; and 2) it proposes an advanced 2N+1
SUPWM method to reduce the dc-link current ripple without
affecting the phase voltage quality in comparison with [27].

The rest of this article is organized as follows. Section II intro-
duces the operation principle of the MMC. Section III analyzes
the 2N+1 SUPWM and the resulted dc-link high-frequency
current ripple. Section IV proposes a reduced dc-link current
ripple control method. Sections V and VI present the simulation
and experimental results, respectively, to demonstrate the effec-
tiveness and validity of the proposed control. Finally, Section VII
concludes this article.

II. DESCRIPTION OF MMCS

Fig. 1 shows the structure of a three-phase MMC, which
consists of six arms. The upper arm and lower arm of one phase
make up a phase leg. Each arm has N identical SMs and an arm

Fig. 1. Three-phase MMC.

buffer inductor Ls. Each SM consists of a storage capacitor CSM

and two switches T1 and T2. The SM mainly has two states in
normal operation. If T1 is switched ON and T2 is switched OFF,
the SM is “Inserted” and the SM output voltage is equal to the
capacitor voltage uc. If T1 is switched OFF and T2 is switched
ON, the SM is “Bypassed” and the SM output voltage is zero.

With the capacitor voltage balancing control [26], the capac-
itor voltage in the MMC can be kept balanced as

UC = Udc/N (1)

where Udc is the dc-link voltage of the MMC.
According to [29], the ac electromotive force (EMF) in phase

j (j = a, b, c) of the MMC is

uej =
ulj − uuj

2
(2)

with ⎧⎪⎪⎨
⎪⎪⎩

uuj =
N∑
i=1

usmuj_i

ulj =
N∑
i=1

usmlj_i

(3)

where uuj and ulj are the total output voltages of the series-
connected SMs in the upper arm and lower arm of phase j,
respectively. usmuj_i and usmlj_i are, respectively, the ith SM
output voltages in the upper arm and lower arm of phase j.

In Fig. 1, the total voltage ulsj on the upper and lower arm
inductors of phase j is

ulsj = Udc − (uuj + ulj). (4)

III. ANALYSIS OF DC-LINK CURRENT RIPPLE FOR MMCS

UNDER 2N+1 SUPWM

A. MMCs Under 2N+1 SUPWM

In the MMC, the reference voltages uuj_ref and ulj_ref for the
upper and lower arms of phase j are expressed as{

uuj_ref = Udc(1− yj)/2
ulj_ref = Udc(1 + yj)/2

(5)
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Fig. 2. MMC control scheme with 2N+1 SUPWM.

with
⎧⎨
⎩

ya = m cos(ω0t)
yb = m cos(ω0t− 2π/3)
yc = m cos(ω0t+ 2π/3)

(6)

where yj is the reference for phase j. m is the modulation index
and ω0 is angular frequency.

In the SUPWM, to generate the upper arm reference voltage
uuj_ref and lower arm reference voltage ulj_ref, there are always
Kuj and Klj SMs fully inserted in the upper arm and lower arm,
respectively, as

⎧⎨
⎩

Kuj = floor
(

uuj_ref

UC

)
= floor

(
N
2 (1− yj)

)
Klj = floor

(
ulj_ref

UC

)
= floor

(
N
2 (1 + yj)

) (7)

where the function floor(x) is to take the integer part of x. On the
other hand, to compensate the error introduced by floor(x) in the
SUPWM, one SM working in the form of pulse with the duty of
Duj and Dlj, which is called as “switching SM,” is introduced for
the upper and lower arm, respectively, where 0<Duj and Dlj<1.
In the SUPWM, the Duj and Dlj are

{
Duj =

N
2 (1− yj)−Kuj

Dlj =
N
2 (1 + yj)−Klj

(8)

with
{
Duj +Dlj = 1
Kuj +Klj = N − 1

. (9)

Fig. 2 shows the control scheme for phase j of the MMC under
2N+1 SUPWM [27]. In every carrier period, the 2N+1 SUPWM
for the upper arm (lower arm) includes two parts. One part is Kuj

(Klj), which is obtained based on (7). In the other part, Duj (Dlj)
is obtained based on (8), which is compared with an isosceles
triangle carrier Wuj (Wlj). Wuj (Wlj) is between 0 and 1. If Duj

(Dlj)>Wuj (Wlj), the output of this part is 1. If Duj (Dlj)<Wuj

(Wlj), the output of this part is 0. The sum of above two parts
is nuj (nlj), which is the number of SMs to be inserted for the
upper arm (lower arm). Afterward, according to nuj (nlj), all SM
capacitor voltages uCuj1∼uCujN (uClj1∼uCljN) in the arm and
the direction of the arm current iuj (ilj), the driving signals for all
SMs in the arm can be properly generated based on the capacitor
voltage balancing control to ensure capacitor voltage balance.

Fig. 3. 2N+1 SUPWM for MMCs. (a) Duj>0.5>Dlj. (b) Duj<0.5<Dlj.

B. Inductor Voltage ulsj Under 2N+1 SUPWM

According to (1)–(3) and Fig. 2, the EMF in phase j of the
MMC can be expressed as

uej=
nlj − nuj

2
UC . (10)

According to (1), (3), (4), and Fig. 2, the total voltage on the
upper arm and lower arm inductors of phase j can be written as

ulsj = Udc − (nuj+nlj)UC . (11)

Fig. 3 shows the 2N+1 SUPWM for phase j of the MMC in
one carrier period, where the carrier waves Wuj for the upper arm
and Wlj for the lower arm are of same phase angle. The carrier
frequency is fs and ωs = 2πfs. The whole carrier period can be
divided into five intervals I–V. The 2N+1 SUPWM would have
two cases for the MMC depending on the duty Duj and Dlj, as
shown in Fig. 3(a) and (b), respectively.

1) Case 1. Duj>0.5>Dlj, as shown in Fig. 3(a). For the upper
arm, the switching SM equals 0 in I and V and equals 1 in
II–IV. Thus, the number of the inserted SMs in the upper
arm is between Kuj and Kuj+1. For the lower arm, the
switching SM equals 0 in I, II, IV, and V and equals 1
in III. Thus, the number of the inserted SMs in the lower
arm is between N−Kuj−1 and N−Kuj. According to (10),
uej is between UC(N−2Kuj−2)/2 and UC(N−2Kuj−1)/2.
According to (11), the total voltage ulsj on the upper and
lower arm inductors of phase j can be obtained as follows.
a) Intervals I and V. The number of inserted SMs in phase

j is N−1, and, accordingly, the arm inductors withstand
a positive voltage as ulsj= UC.

b) Intervals II and IV. The number of inserted SMs in
phase j is N, and, accordingly, ulsj is zero.
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c) Interval III. The number of inserted SMs in phase j is
N+1, and, accordingly, the arm inductors withstand a
negative voltage as ulsj= −UC.

2) Case 2. Duj<0.5<Dlj, as shown in Fig. 3(b). For the upper
arm, the switching SM equals 0 in I, II, IV, and V and
equals 1 in III. Thus, the number of the inserted SMs in the
upper arm is between Kuj and Kuj+1. For the lower arm,
the switching SM equals 0 in I and V and equals 1 in II, III,
and IV. Thus, the number of the inserted SMs in the lower
arm is between N−Kuj−1 and N−Kuj. According to (10),
uej is between UC(N−2Kuj−1)/2 and UC(N−2Kuj)/2. In
Case 2, ulsj has the same three states as in Case 1, as shown
in Fig. 3.

Based on the above analysis, it can be observed that the
pulsewidths θuj and θlj of the switching SM in upper arm and
lower arm of phase j, as shown in Fig. 3, can be calculated as{

θuj = Duj · 2π
θlj = Dlj · 2π=(1−Duj) · 2π . (12)

The inductor voltage ulsj has a positive pulse and a negative
pulse in one carrier period. The middle point of the negative
pulse is always at ωst = π and the middle point of the positive
pulse is always at ωst = 0 (2π). The durations of the positive
pulse and negative pulses in ulsj in one carrier period are the
same, which can be easily obtained as

θj = min(θuj , θlj). (13)

C. DC-Link High-Frequency Current Ripple Under
2N+1 SUPWM

Using the Fourier series expansion, the arm inductor voltage
ulsj in phase j, as shown in Fig. 3, can be expressed as

ulsj =
2

π

Udc

N

∞∑
k=1

1

k
[1− cos (kπ)] sin

kθj
2

cos (kωst) (14)

where k is index of the summation terms in Fourier series
expansion. Obviously, ulsj would bring high-frequency current
harmonics in phase j, which will flow into the dc link of MMCs
and cause current ripple related to the carrier frequency. Accord-
ing to (14) and Fig. 1, the resulted high-frequency component
idc_h in the dc-link current of MMCs can be obtained as

idc_h =
1

2Ls

∫
(ulsa + ulsb + ulsc)dt

=
Udc

πNωsLs

∞∑
k=1

[
1− cos(kπ)

k2
·
(
sin

kθa
2

+ sin
kθb
2

+ sin
kθc
2

)
· sin(kωst)

]
. (15)

According to (15), it can be observed that the idc_h does not
contain the even order component, but contains odd order com-
ponents. Usually, there is sin(kθa/2)+sin(kθb/2)+ sin(kθc/2)�0.
Consequently, a high-frequency current ripple would exist in the
dc link of the MMC, which would deteriorate dc-link perfor-
mance of the MMC. Fig. 4 illustrates the diagram of the total
voltages on the upper and lower arm inductors in phases A, B,

Fig. 4. Arm inductor voltages of phases A, B, and C and dc-link current.

Fig. 5. Amplitudes of the first-, third-, fifth-, and seventh-order components
of idc_h under various carrier frequencies.

TABLE I
RELATIONSHIPS AMONG θa, θb, AND θc

and C and the resulted dc-link current ripple Δidc (peak-to-peak
value of the dc-link current idc) in one carrier period.

Fig. 5 shows the calculated amplitudes of the first-, third-,
fifth- and seventh-order components of idc_h in the MMC under
various carrier frequencies, which is based on the simulation
system parameters in Table II. The dc-link high-frequency cur-
rent mainly contains the fundamental component at the carrier
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TABLE II
SIMULATION SYSTEM PARAMETERS

Fig. 6. Maximum Δidc under various carrier frequencies.

frequency and the other components are much smaller than the
component at the carrier frequency. Fig. 6 shows the calculated
maximum value of Δidc in the MMC under various carrier
frequencies. Along with the reduction of the carrier frequency,
the dc-link high-frequency current ripple is gradually increased.

IV. PROPOSED REDUCED DC-LINK CURRENT

RIPPLE CONTROL METHOD

A. Analysis of Relationships Among Inductor Voltage Pulse
Widths θa, θb and θc

For the MMC under 2N+1 SUPWM, according to (6)–(8),
the relationship among Dua, Dub, and Duc (Dla, Dlb, and Dlc)
can be obtained as

⎧⎨
⎩

∑
j=a,b,c

Duj =
3N
2 − ∑

j=a,b,c

Kuj∑
j=a,b,c

Dlj = 3− ∑
j=a,b,c

Duj
. (16)

In the MMC, the SM number N is normally even [30]–[32].
According to (12) and (13), the MMC would have eight op-
eration modes under 2N+1 SUPWM, as shown in Table I, as
follows.

1) Mode 1. Dua≥0.5, Dub≥0.5, and Duc≥0.5. According
to (16), there is Dua+Dub+Duc= 2. According to (13),
there are θa= (1-Dua)·2π, θb= (1-Dub)·2π, and θc= (1-
Duc)·2π. Obviously, it can be observed that θa+θb+θc=
2π.

2) Mode 2. Dua<0.5, Dub<0.5, and Duc<0.5. According
to (16), there is Dua+Dub+Duc= 1. According to (13),

Fig. 7. Voltages uals, ubls, and ucls under carriers’ phase shifting. (a) Type I.
(b) Type II.
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there are θa= Dua·2π, θb= Dub·2π, and θc= Duc·2π.
Obviously, it can be observed that θa+θb+θc= 2π.

3) Mode 3. Dua≥0.5, Dub<0.5, and Duc<0.5. According
to (16), there is Dua+Dub+Duc= 1. According to (13),
there are θa= (1-Dua)·2π, θb= Dub·2π, and θc= Duc·2π.
Obviously, it can be observed that −θa+θb+θc= 0.

4) Mode 4. Dua≥0.5, Dub<0.5, and Duc≥0.5. According to
(16), there is Dua+Dub+Duc= 2. According to (13), there
are θa= (1-Dua)·2π, θb= Dub·2π, and θc= (1-Duc)·2π.
Obviously, it can be observed that θa−θb+θc= 0.

5) Mode 5. Dua≥0.5, Dub≥0.5, and Duc<0.5. According to
(16), there is Dua+Dub+Duc= 2. According to (13), there
are θa= (1−Dua)·2π, θb= (1−Dub)·2π, and θc= Duc·2π.
Obviously, it can be observed that θa+θb−θc= 0.

6) Mode 6. Dua<0.5, Dub≥0.5, and Duc≥0.5. According to
(16), there is Dua+Dub+Duc= 2. According to (13), there
are θa= Dua·2π, θb= (1−Dub)·2π, and θc= (1−Duc)·2π.
Obviously, it can be observed that −θa+θb+θc= 0.

7) Mode 7. Dua<0.5, Dub≥0.5, and Duc<0.5. According
to (16), there is Dua+Dub+Duc= 1. According to (13),
there are θa= Dua·2π, θb= (1-Dub)·2π, and θc= Duc·2π.
Obviously, it can be observed that θa−θb+θc= 0.

8) Mode 8. Dua<0.5, Dub<0.5, and Duc≥0.5. According
to (16), there is Dua+Dub+Duc= 1. According to (13),
there are θa=Dua·2π, θb=Dub·2π, and θc= (1−Duc)·2π.
Obviously, it can be observed that θa+θb-θc= 0.

From Table I, it can be seen that the widths θa, θb, and θc
of the three-phase inductor pulse voltages ulsa, ulsb, and ulsc
mainly have two types of relationships, which are as follows.

1) Type I. The sum of θa, θb, and θc is equal to 2π.
2) Type II. One inductor voltage pulsewidth is the sum of the

other two inductor voltage pulseswidths.

B. Proposed Carriers Phase-Shifting Approach

To suppress the dc-link high-frequency current idc_h, the
upper arm carrier Wuj and the lower arm carrier Wlj for phase
j in Fig. 3 are both phase shifted by an angle denoted as θsj
(−π≤θsj≤π). If θsj>0, Wuj and Wlj in Fig. 3 are phase shifted
to the left by |θsj|. If θsj<0, Wuj and Wlj in Fig. 3 are phase
shifted to the right by |θsj|. If θsj = 0, Wuj and Wlj in Fig. 3 are
not phase shifted.

Considering the phase-shifted angles θsa, θsb, and θsc in
phases A, B, and C of the MMC, the dc-link high-frequency
current can be derived in a similar way like (14) and (15) as

idc_h =
1

2Ls

∫
(ulsa + ulsb + ulsc)dt

=
Udc

πNωsLs
·

∞∑
k=1

{
1− cos(kπ)

k2
· [cos(kθsa) sin kθa

2

+ cos(kθsb) sin
kθb
2

+cos(kθsc) sin
kθc
2

] · sin(kωst)

}
.

(17)

Based on (17) and Table I, a carrier phase-shifting approach
is proposed to obtain suitable phase-shifted angles θsa, θsb, and

θsc, to eliminate the dc-link high-frequency current as idc_h =
0, as follows.

1) If θa>θb>θc, then

θsa = 0 (18a)

θsb =

{−(θua + θub)/2, θua + θub ≤ 2π
2π − (θua + θub)/2, θua + θub > 2π

(18b)

θsc =

{
(θua + θuc)/2, θua + θuc ≤ 2π
(θua + θuc)/2− 2π, θua + θuc > 2π

. (18c)

2) If θa>θc>θb, then

θsa = 0 (19a)

θsb =

{
(θua + θub)/2, θua + θub ≤ 2π
(θua + θub)/2− 2π, θua + θub > 2π

(19b)

θsc =

{−(θua + θuc)/2, θua + θuc ≤ 2π
2π − (θua + θuc)/2, θua + θuc > 2π

. (19c)

3) If θb>θa>θc, then

θsa =

{−(θub + θua)/2, θub + θua ≤ 2π
2π − (θub + θua)/2, θub + θua > 2π

(20a)

θsb = 0 (20b)

θsc =

{
(θub + θuc)/2, θub + θuc ≤ 2π
(θub + θuc)/2− 2π, θub + θuc > 2π

. (20c)

4) If θb>θc>θa, then

θsa =

{
(θub + θua)/2, θub + θua ≤ 2π
(θub + θua)/2− 2π, θub + θua > 2π

(21a)

θsb = 0 (21b)

θsc =

{−(θub + θuc)/2, θub + θuc ≤ 2π
2π − (θub + θuc)/2, θub + θuc > 2π

. (21c)

5) If θc>θa>θb, then

θsa =

{−(θuc + θua)/2, θuc + θua ≤ 2π
2π − (θuc + θua)/2, θuc + θua > 2π

(22a)

θsb =

{
(θuc + θub)/2, θuc + θub ≤ 2π
(θuc + θub)/2− 2π, θuc + θub > 2π

(22b)

θsc = 0. (22c)

6) If θc>θb>θa, then

θsa =

{
(θuc + θua)/2, θuc + θua ≤ 2π
(θuc + θua)/2− 2π, θuc + θua > 2π

(23a)

θsb =

{−(θuc + θub)/2, θuc + θub ≤ 2π
2π − (θuc + θub)/2, θuc + θub > 2π

(23b)

θsc = 0. (23c)

Fig. 7 shows the carriers phase-shifting approach in one
carrier period for the two types in Table I as follows.

1) Type I. Fig. 7(a) illustrates the phase shifting of the car-
riers in phases A, B, and C for Type I in Table I. Here,
Mode 2 in Table I is considered with Dua<0.5, Dub<0.5,
and Duc<0.5. The three-phase arm inductor pulseswidths
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Fig. 8. Proposed control method. (a) Calculation of shifted angles θsa, θsb,
and θsc. (b) Overall control block of the proposed method in phase j.

meet θa>θb>θc. According to the proposed approach,
θsa = 0 and the carriers for phase A is not phase shifted;
the carriers for phase B here are phase shifted to the left
by θsb= −(θua+θub)/2; the carriers for phase C here are
phase-shifted to the right by θsc= (θua+θuc)/2. The induc-
tor voltage pulses in phases A, B, and C are counteracted
in the whole carrier period so that usla+uslb+uslc= 0. As
a result, the dc-link high-frequency current idc_h can be
effectively eliminated. The analysis for the other modes in
Type I is similar to that for Mode 2, which is not repeated
here.

2) Type II. Fig. 7(b) illustrates the phase shifting of the
carriers in phases A, B, and C for Type II in Table I. Mode 3
in Table I is considered here with Dua>0.5, Dub<0.5, and
Duc<0.5. The three-phase arm inductor pulsewidths meet
θa>θb>θc. According to the proposed approach, θsa= 0
and the carriers for phase A is not phase shifted; the carriers
for phase B here are phase shifted to the left by θsb=
−(θua+θub)/2; the carriers for phase C here are phase
shifted to the right by θsc= (θua+θuc)/2. The inductor
voltage pulses in phases A, B, and C are counteracted in
the whole carrier period so that usla+uslb+uslc= 0. As
a result, the dc-link high-frequency current idc_h can be
eliminated effectively. The analysis for the other modes in
Type II is similar to that for Mode 3, which is not repeated
here.

C. Proposed Reduced DC-Link Current Ripple Control

To improve the performance of the MMC under 2N+1
SUPWM, this article proposes a reduced dc-link current ripple
control method, as shown in Fig. 8. Through shifting the phase

Fig. 9. Simulated system.

angles of the carriers in phases A, B, and C, based on (18)–(23),
the dc-link high-frequency current ripple can be suppressed.

Fig. 8(a) shows the calculation of the shifted angles θsa, θsb,
and θsc. In each carrier period, the widths θua, θub, and θuc
for the upper arm and the widths θla, θlb, and θlc for the lower
arm switching SMs of phases A, B, and C are first calculated
based on (6)–(8) and (12). Afterward, the arm inductor voltage
pulsewidths θa, θb, and θc are obtained based on (13). Depending
on θa, θb, θc and θua, θub, θuc, the shifted angles θsa, θsb, and
θsc can be determined by (18)–(23). Depending on θa, θb, θc
and θua, θub, θuc, the shifted angles θsa, θsb, and θsc can be
determined by (18)–(23).

Fig. 8(b) shows the overall control block of the proposed
control method in phase j. In each carrier period, based on
Fig. 8(a), the carriers of the upper arm and lower arm in phase j
are both phase shifted by θsj to the right position. The modulation
and the capacitor voltage balancing control are the same as that
in Fig. 2.

V. SIMULATION

To verify the proposed control, a three-phase MMC connected
to an ac grid is simulated with PSCAD/EMTDC, as shown in
Fig. 9. The parameters of the simulated system are shown in
Table II.

In the simulation, the MMC works under 2N+1 SUPWM
without proposed control before 0.1 s. At t = 0.1 s, the proposed
control is enabled. The carrier frequency is 1 kHz. The power
factor angle ϕ = 0.

Fig. 10 shows the dc-link performance of the MMC. Fig. 10(a)
shows the sum of usla, uslb, and uslc. Before t = 0.1 s, it varies
between−3 and 3 kV. When the proposed control is enabled, the
inductor voltage pulses of usla, uslb, and uslc are phase shifted to
be counteracted and usla+uslb+uslc is equal to zero. Fig. 10(b)
shows the shifted angles of the carriers in phases A, B, and C
with the proposed control. Fig. 10(c) shows the dc-link current
of MMCs. Before t = 0.1 s, idc has large current ripple, where
the maximum Δidc reaches 20.8% of the rated dc-link current.
When the proposed control is enabled at t = 0.1 s, the dc-link
current ripple is eliminated dramatically.

Fig. 11 shows the FFT results of the dc-link current of the
MMC. Fig. 11(a) shows the spectrum of idc without the proposed
control. It can be seen that idc has a large component at the carrier
frequency of 1 kHz. Fig. 11(b) shows the spectrum of idc when
the proposed control is used. It shows that the high-frequency
component of idc is very small, which verifies the effectiveness
of the proposed control.

Fig. 12(a)–(c) shows upper arm inductor voltage, lower arm
inductor voltage, and the sum of upper and lower arm inductor
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Fig. 10. DC-link performance of the MMC. (a) Sum of usla, uslb, and uslc.
(b) Shifted angles of the carriers. (c) DC-link current.

Fig. 11. FFT analysis of the dc-link current with (a) 2N+1 SUPWM and
(b) proposed control. Fig. 12. MMC performance. (a) Upper arm inductor voltage of phase A.

(b) Lower arm inductor voltage of phase A. (c) Sum of upper arm and lower arm
inductor voltage of phase A. (d) Arm currents iua, iub, and iuc. (e) EMFs uea,
ueb, and uec. (f) Grid currents ia, ib, and ic.
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Fig. 13. Simulated dc-link current ripple under various carrier frequencies.

voltages ulsa of phase A, which have little change before t = 0.1
s and after t = 0.1 s. The proposed control does not increase the
arm inductor voltage stress. Fig. 12(d)–(f) shows arm currents,
EMFs, and grid currents, respectively. According to Fig. 12, the
waveforms of arm currents, EMFs, and grid currents have very
small difference before t = 0.1 s and after t = 0.1 s, where
the EMFs always have 13 voltage levels. The total harmonic
distortion (THD) of the EMFs remains nearly unchanged after
t = 0.1 s. Therefore, the proposed control has very small effect
on the arm and ac-side performance of the MMC.

Fig. 13 shows the simulated results of the dc-link current rip-
ple without the proposed control and with the proposed control
under various carrier frequencies. The dc-link current ripple is
reduced along with the increase of the carrier frequency. Besides,
the dc-link current ripple is effectively suppressed with the
proposed control in comparison with that without the proposed
control.

Fig. 14 shows the current waveforms of the semiconductor
devices in the SM and the power losses, where the power factor
angle isϕ= 0. The iT1, iT2, iD1, and iD2, respectively, represent
current flowing through T1, T2, D1, and D2 in the SM. Fig. 14(a)
shows iua, iT1, iT2, iD1, and iD2 without proposed control. Fig.
14(b) shows iua, iT1, iT2, iD1, and iD2 with proposed control.
Considering that Infineon IGBT FZ600R17KE4 is employed in
the MMC, based on Fig. 14(a) and (b) and the semiconductor
datasheet from the manufacturer, the power losses of T1, T2,
D1, and D2 are calculated [33]. The junction temperature is
considered as 125 °C. Fig. 14(c) shows the power losses of
T1, T2, D1, and D2 without the proposed control and with the
proposed control, which are denoted as PT1, PT2, PD1, and PD2,
respectively. It can be observed that PT1, PT2, PD1, and PD2

with the proposed control are almost the same as those without
the proposed control.

Fig. 15 shows the total power loss of one SM (the sum of
PT1, PT2, PD1, and PD2) with the proposed control and without
the proposed control, where various power factor angles are
considered including ϕ = 0, ϕ = π/2, ϕ = π, and ϕ = 3π/2.
It shows that the power losses with the proposed control and
without the proposed control have a very small difference.

VI. EXPERIMENTAL STUDIES

To validate the proposed control, a downscaled three-phase
MMC prototype is built in the laboratory, as shown in Fig. 16. A
dc power supply paralleled with the resistor is used to support the

Fig. 14. Waveforms of current flowing through SM semiconductor devices and
the power losses (ϕ=0). (a) Current waveforms without the proposed control.
(b) Current waveforms with the proposed control. (c) Power losses.
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Fig. 15. Power loss of SM.

Fig. 16. Experimental setup.

TABLE III
EXPERIMENTAL SYSTEM PARAMETERS

dc-link voltage of the MMC. The MMC’s ac side is connected to
the grid via an autotransformer and an isolation transformer. The
control algorithm is implemented by digital signal processor and
the driving signals are transferred to the driving panel of each
SM by optical fibers. The parameters of the experimental setup
are listed in Table III.

A. Without Proposed Control

Figs. 17 and 18 show the performance of the MMC without
the proposed control. The carrier frequency in Fig. 17 is 2 kHz.
Fig. 17(a) shows the arm total inductor voltages ulsa, ulsb, and
ulsc and the MMC’s dc-link current idc. ulsa, ulsb, and ulsc always

Fig. 17. Experimental waveforms without proposed control. The carrier fre-
quency is 2 kHz. (a) ulsa, ulsb, ulsc (100 V/div), and idc (2 A/div). Time base
is 2 ms. (b) ulsa, ulsb, ulsc (100 V/div), and idc(2 A/div). Time base is 100 μs.
(c) FFT analysis of idc. (d) iua and ila (4 A/div). Time base is 10 ms. (e) uua,
ula, (100 V/div), and 2uea (200 V/div). Time base is 10 ms. (f) ia, ib, and ic (4
A/div). Time base is 10 ms.
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Fig. 18. Experimental waveforms without proposed control including ia, ib,
ic (10 A/div), and idc(2 A/div). Time base is 4 ms. (a) Carrier frequency is
1 kHz. (b) Carrier frequency is 3 kHz.

Fig. 19. Experimental waveforms without proposed control including iua, ila
(4 A/div), and idc(2 A/div). Time base is 10 ms. The CCS is enabled. Carrier
frequency is 2 kHz.

have positive and negative pulses appearing alternately with
varying widths. The maximum dc-link current ripple Δidc is
3.2 A. Fig. 17(b) shows ulsa, ulsb, ulsc , and idc in one carrier pe-
riod. Fig. 17(c) shows the FFT results of idc. The high-frequency
component mainly appears at the carrier frequency of 2 kHz,
which is consistent with the theoretical analysis. Fig. 17(d)
shows the upper arm current iua and lower arm current ila in
phase A. Fig. 17(e) shows the waveform of uua, ula, and 2uea.
With 2N+1 SUPWM, though the upper arm and lower arm
output five voltage levels, 2uea has nine voltage levels. The THD
of 2uea is 18.8%. Fig. 17(f) shows the waveforms of the grid
currents ia, ib, and ic in phases A, B, and C.

Fig. 18(a) and (b) shows idc and grid currents ia, ib, and ic
of the MMC under different carrier frequencies including 1 and
3 kHz. It can be observed that the dc-link current ripples are
6.6 and 2.5 A under the carrier frequency of 1 and 3 kHz,
respectively.

Fig. 19 shows iua, ila, and idc when the CCS control [34]
and the arm energy control [35] are enabled. The second-order
circulating current is well suppressed. The peak-to-peak value
of idc is 4 A.

Fig. 20. Experimental waveforms of dc-link current with proposed control (the
carrier frequency is 2 kHz). (a) ulsa, ulsb, ulsc (100 V/div), and idc(2 A/div).
Time base is 2 ms. (b) ulsa, ulsb, ulsc (100 V/div), and idc (2 A/div) (Type I). Time
base is 100 μs. (c) ulsa, ulsb, ulsc (100 V/div), and idc(2 A/div) (Type II). Time
base is 100 μs. (d) FFT analysis of idc. (e) iua and ila (4 A/div). Time base is
10 ms. (f) uua, ula (100 V/div), and 2uea (200 V/div). Time base is 10 ms.
(g) ia, ib, and ic (4 A/div). Time base is 10 ms.
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Fig. 21. Experimental waveforms with proposed control including ia, ib, ic
(10 A/div), and idc(2 A/div). Time base is 4 ms. (a) Carrier frequency is 1 kHz.
(b) Carrier frequency is 3 kHz.

B. With Proposed Control

Figs. 20 and 21 show MMC performance with the proposed
control. The carrier frequency in Fig. 20 is 2 kHz. Fig. 20(a)
shows the total inductor voltages ulsa, ulsb, and ulsc in phases
A, B, and C and dc-link current idc. It can be observed that the
high-frequency ripple in dc-link current idc is effectively elimi-
nated with the proposed control in comparison with Fig. 17(a).
Fig. 20(b) shows ulsa, ulsb, ulsc, and idc in one carrier period,
where θa+θb+θc = 2π (Type I). Fig. 20(c) shows ulsa, ulsb, ulsc,
and idc in one carrier period, where−θa+θb+θc= 0 (Type II). It
can be observed that the pulses of ulsa, ulsb, and ulsc in Fig. 20(b)
and (c) are both counteracted in the whole carrier period by phase
shifting. Consequently, idc remains nearly constant. Fig. 20(d)
shows FFT results of idc. Compared with Fig. 17(c), the high-
frequency component at 2 kHz is eliminated, which verifies the
effectiveness of the proposed control. Fig. 20(e) shows the upper
arm current iua and lower arm current ila in phase A. Fig. 20(f)
shows the waveform of uua, ula, and 2uea, where 2uea has nine
voltage levels. The THD of 2uea is 18.9%, which is very close to
that without proposed control. Fig. 20(g) shows the waveform
of grid current ia, ib, and ic in phases A, B, and C.

Fig. 21(a) and (b) shows that the dc-link current ripples are
1.1 A and 0.6 A under the carrier frequency of 1 and 3 kHz,
respectively. Compared with Fig. 18, the grid currents ia, ib, and
ic remain nearly unchanged, whereas the dc-link current ripple
with the proposed control is much lower.

Fig. 22 shows iua, ila, and idc of the MMC when the CCS
control and the energy control are enabled. It can be seen that the
second-order circulating current is well suppressed. The peak-
to-peak value of idc is 1.2 A. Compared with Fig. 19, the dc-link
current ripple with the proposed control is reduced to 30% of
that without the proposed control.

Fig. 22. Experimental waveforms with the proposed control including iua, ila
(4 A/div), and idc (2 A/div). Time base is 10 ms. The CCS control and the arm
energy control are enabled. The carrier frequency is 2 kHz.

Fig. 23. Experimental dc-link current ripple under various carrier frequencies.

Fig. 23 shows the experimental results of the dc-link current
ripple without the proposed control and with the proposed con-
trol, where the different carrier frequencies including 1, 1.5, 2,
2.5, and 3 kHz are considered. It can be observed that the dc-link
current ripple of the MMC with the proposed control is much
lower than that without the proposed control, which verifies the
effectiveness of the proposed control.

C. Dynamic Performance of MMCs

Figs. 24 and 25 show the dynamic performance of MMC.
Fig. 24(a) and (b) shows experimental waveforms of idc and ia
without the proposed control and with the proposed control,
respectively, where the active power is stepped from 500 to
1000 W. Fig. 25(a) and (b) shows idc and ia without the proposed
control and with the proposed control, respectively, where the
reactive power is stepped from 0 to 500 VAR. The dc-link current
ripple of MMCs is greatly reduced with the proposed control.
From Figs. 24 and 25, the proposed control does not affect the
dynamic performance of the MMC.

VII. CONCLUSION

This article reveals that the conventional 2N+1 SUPWM
will produce a high-frequency current ripple in the dc link of
the MMC, which deteriorates the dc-link current performance.
To solve the problem, this article analyzes this issue in detail
and proposes a reduced dc-link current ripple control method.
Through regulating the phase angles of the carriers in three
phases, the total voltages on the arm inductors of three phases can
be counteracted in whole carrier period, so that the dc-link high-
frequency current ripple is suppressed. The proposed control
method improves the dc-link current performance of the MMC.
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Fig. 24. Experimental waveforms when the active power is stepped from 500
to 1000 W, including ia (4 A/div) and idc (2 A/div). Time base is 20 ms.
(a) Without proposed control. (b) With proposed control. Carrier frequency is 2
kHz.

Fig. 25. Experimental waveforms when the reactive power is stepped from
0 to 500 VAR, including ia (4 A/div) and idc (2 A/div). Time base is 20 ms.
(a) Without proposed control. (b) With proposed control. The carrier frequency
is 2 kHz.

The effectiveness of the proposed method has been verified by
simulations and experimental results.
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