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Abstract—The active circulating current suppression may cause
high-frequency current ripple in the dc link of modular multilevel
converters (MMCs). In this article, a phase-shifted double-group
multicarrier-based phase-disposition pulsewidth modulation strat-
egy is proposed to eliminate the dc-link high-frequency current
ripple of MMCs, where the fundamental frequency component and
the second-order component of the arm reference are modulated,
respectively, by two groups of carriers. By shifting the phase angles
of double-group multicarrier in each carrier period, the high-
frequency current ripple injected into the dc link of MMCs can be
eliminated. The proposed strategy not only eliminates the dc-link
current ripple, but also extends the active and reactive power region
of MMCs in comparison with the existing method. Simulation and
experimental studies are conducted, and their results verify the
effectiveness of the proposed strategy.

Index Terms—Control strategy, dc-link current ripple, modular
multilevel converters (MMCs), modulation strategy.

I. INTRODUCTION

THE modular multilevel converter (MMC) was first pro-
posed in 2003 [1] and has been increasingly attractive in

both medium- and high-voltage applications [2]–[6]. Compared
with two- or three-level converters, the MMC has many irre-
placeable advantages and salient features such as high modular-
ity and high efficiency [7]–[9].
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The power quality is one of the important issues for the MMC.
Some works have focused on the ac side harmonics [10], [11]
and inner current harmonics [12], [13] of the MMC. Recently,
the dc-link current ripple of the MMC is also given much at-
tention [14]–[21]. Due to modulation schemes, unbalanced grid
conditions, etc., the low-frequency or high-frequency harmonic
current would be produced in three phases and the zero-sequence
component would be injected into the dc link of the MMC to
cause low-frequency or high-frequency current ripple, which
may deteriorate the dc-link power quality of the MMC. It will
increase device voltage stress [16], cause high-frequency noise
[20], [21], affect the equipment connected to the dc link [21],
and may increase the dc filter cost [19]. Therefore, it is of great
significance to suppress the dc-link current ripple.

To date, some researches have been conducted for reducing
the dc-link low-frequency current ripple of the MMC. Tu et al.
[14] present a supplementary dc voltage ripple suppressing
controller to eliminate the dc-link low-frequency current ripple.
Wang et al. [15] present three improved strategies based on
proportional resonant controllers to eliminate both circulating
current and dc-link low-frequency current ripple of the MMC.
Dekka et al. [16] present a model-predictive control method to
minimize the dc-link low-frequency current ripple of the MMC
under the unbalanced grid voltage conditions.

Recently, some studies have focused on the dc-link high-
frequency current ripple of the MMC. Deng and Chen [17]
analyze the arm current high-frequency harmonics at switching
frequency of the MMC under improved phase-shifted-carrier
pulsewidth modulation (PWM), which would be injected into the
dc link of the MMC and causes high-frequency current ripple.
Deng and Chen [18] further propose a dc-link high-frequency
current ripple elimination method for [17] by regulating the
phase-shifted angles of the carriers. On the other hand, the active
circulating current suppression would also cause the dc-link
high-frequency current ripple of the MMC [19]–[21]. Li et al.
[19] propose an arm inductance selection rule for the MMC to
reduce the circulating current harmonics and the dc-link high-
frequency current ripple at the switching frequency produced
by the active circulating current suppression. Li et al. [20]
propose a topology employing a circulating current suppression
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inverter and replacing the arm inductors with three-winding
transformers, which could suppress the circulating current and
improve the dc-link power quality. However, increased hardware
investment is required in both [19] and [20]. Deng et al. [21]
analyze the dc-link current ripple of MMCs caused by the active
circulating current suppression under phase-disposition (PD)
PWM and presents a variable carrier phase-shifted angle control
strategy to reduce the dc-link high-frequency current ripple for
the MMC. However, it reduces the power operation region of
the MMC.

This article proposes a phase-shifted double-group multicar-
rier (DGM) based PD-PWM strategy to eliminate the dc-link
high-frequency current ripple, which improves the dc-link power
quality, reduces high-frequency noise, and avoids the harm to
the equipment connected to the dc link of the MMC. In the pro-
posed strategy, the fundamental frequency component and the
second-order component of the arm reference are modulated by
two groups of carriers, respectively. The primary contributions
of this article are as follows.

1) The dc-link high-frequency current ripple is eliminated
through regulating the phase angle of carriers for each
phase of the MMC.

2) The operating regions of the active power and reactive
power under the proposed strategy and strategy in [21]
are analyzed in detail, respectively, which is related to the
fundamental-frequency component and the second-order
component of the reference.

3) The proposed strategy can not only eliminate the dc-link
high-frequency current ripple but also extends the active
power and reactive power operating region for the MMC
in comparison with [21].

The rest of this article is organized as follows. Section II
presents the principle of MMCs. Section III analyzes the dc-
link high-frequency current ripple of MMCs under PD-PWM.
Section IV proposes the dc-link high-frequency current ripple
elimination strategy. Section V analyzes the power region of
the MMC under the proposed strategy. Section VI compares
the proposed strategy with the existing strategy. The simulation
and experimental results are presented in Sections VII and VIII,
respectively, to show the effectiveness of the proposed strategy.
Finally, Section IX concludes this article.

II. DESCRIPTION OF MMCS

Fig. 1 shows a three-phase MMC tied to a grid. Each phase of
the MMC has an upper arm and a lower arm. Each arm consists
of N identical submodules (SMs) and an inductor Ls. Each SM
includes a storage capacitor C and two switches T1, T2. When
T1 is on and T2 is off, the C is inserted into the circuit; when T1

is off and T2 is on, the C is bypassed from circuit [5].
In Fig. 1, the three-phase grid voltages are defined as⎧⎨

⎩
ea = Em sin(ω0t)
eb = Em sin(ω0t− 2π/3)
ec = Em sin(ω0t+ 2π/3)

(1)

where Em is the amplitude of the grid voltage and ω0 is the
fundamental angular frequency. According to [10] and [22], the

Fig. 1. Three-phase MMC.

dynamics of the MMC can be described as⎧⎨
⎩

uea = (ula − uua)/2 = Ldia/dt+ ea
ueb = (ulb − uub)/2 = Ldib/dt+ eb
uec = (ulc − uuc)/2 = Ldic/dt+ ec

(2)

where uea, ueb, uec are the ac electromotive forces (EMFs) of
MMCs. uuj and ulj are the total SM output voltage in the upper
and lower arm of phase j (j = a, b, c), respectively; L = Lf +
Ls/2. Lf is the filter inductance at the ac side.

Suppose that the active power and reactive power in Fig. 1
are P and Q, respectively, the three-phase grid current can be
obtained as ⎧⎨

⎩
ia = Im sin(ω0t− ϕ)
ib = Im sin(ω0t− ϕ− 2π/3)
ic = Im sin(ω0t− ϕ+ 2π/3)

(3)

with {
Im = 2

√
P 2 +Q2/3Em

ϕ = arctan(Q/P ).
(4)

Substituting (1), (3), and (4) into (2), the EMF of the MMC
can be written as⎧⎨

⎩
uea = Ue sin (ω0t+ δ)
ueb = Ue sin (ω0t+ δ − 2π/3)
uec = Ue sin (ω0t+ δ + 2π/3)

(5)

with ⎧⎨
⎩

Ue =
1

3Em

√
(2ω0LP )2 +

(
3Em

2 − 2ω0LQ
)2

δ = arctan
(

ω0LP
3Em

2/2−ω0LQ

)
.

(6)

III. DC-LINK HIGH-FREQUENCY CURRENT RIPPLE OF MMCS

UNDER PD-PWM

A. Circulating Current Suppression and PD-PWM

Fig. 2 shows the active circulating current suppression control
[13] and PD-PWM [21], where the upper arm reference yuj and
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Fig. 2. Circulating current suppression and PD-PWM.

lower arm reference ylj of the MMC can be written as⎧⎨
⎩

yuj = −yj1 +yj2
ylj = yj1

Fundamental
component

+yj2
Second−order
component

(7)

with ⎧⎨
⎩

ya1 = m1 sin (ω0t+α1)
yb1 = m1 sin (ω0t− 2π/3+α1)
yc1 = m1 sin (ω0t+ 2π/3+α1)

(8)

⎧⎨
⎩

ya2 = m2 sin (2ω0t+ α2)
yb2 = m2 sin (2ω0t+ 2π/3 + α2)
yc2 = m2 sin (2ω0t− 2π/3 + α2)

(9)

where m1 and α1 are the modulation index and phase angle of
the fundamental frequency component, respectively. m2 and α2

are the modulation index and phase angle of the second-order
component, respectively.

In Fig. 2, the yuj is compared with N number of triangular
carriers Wuj1∼WujN to yield the number nuj of inserted SMs in
the upper arm, where Wuj1∼WujN are displaced evenly between
–1 and 1. The ylj is compared with N number of triangular
carriers Wlj1∼WljN to yield the number nlj of inserted SMs
in the lower arm, where Wlj1∼WljN are displaced evenly be-
tween –1 and 1. Wuj1∼WujN and Wlj1∼WljN are phase shifted
by π.

B. DC-Link High-Frequency Current Ripple

Suppose that the capacitor voltages are kept the same as Udc/N
with voltage-balancing control [8], the total arm inductor voltage
uslj in phase j, as shown in Fig. 1, is

uslj = Udc − (uuj+ulj) (10)

with {
uuj = nujUdc/N
ulj = nljUdc/N

(11)

where Udc is the dc-link voltage of the MMC.
Fig. 3(a) and (b) shows two cases of PD-PWM in one carrier

period for the MMC when yj2 > 0 and yj2 < 0, respectively.
1) yj2 > 0: The –yj1 crosses the Kth carrier WujK for the

upper arm and the yj1 crosses the (N–K + 1)th carrier
Wlj(N–K + 1) for the lower arm. Due to the positive yj2,
the sum of nuj and nlj is between N and (N+ 1). According
to (10), the total arm inductor voltage uslj has two negative
voltage pulses in one carrier period.

2) yj2 < 0: The –yj1 crosses WujK for the upper arm and
the yj1 crosses Wlj(N-K + 1) for the lower arm. Due to the

negative yj2, the sum of nuj and nlj is between (N–1) and
N. According to (10), the total arm inductor voltage uslj
has two positive voltage pulses in one carrier period.

According to the geometrical relationship in Fig. 3, θj and the
θmj of the voltage uslj can be obtained as{

θj = −yj2 ·N · π
θmj = mod (1− yj1, 2/N) ·N · π. (12)

The voltages usla, uslb, uslc would cause high-frequency
current in phases A, B, and C, respectively, which would be
injected into the dc link of the MMC [21]. With the Fourier
series expansion of uslj, the caused current ripple in the dc link
of the MMC can be expressed as

ĩdc =

∫
(
usla

2Ls
+

uslb

2Ls
+

uslc

2Ls
)dt

=
Udc

Nπ2Lsfc

∞∑
i=1

{
1

i2
cos(iπ)[sin(

iθa
2

) cos(
iθma

2
)

+ sin(
iθb
2
) cos(

iθmb

2
)

+ sin(
iθc
2
) cos(

iθmc

2
)] sin(2iπfct)

}
(13)

where fc is the carrier frequency and i is the index of the summa-
tion terms in Fourier series expansion. Thus, the high-frequency
current ripple would be caused in the dc link of the MMC.

IV. PROPOSED DC-LINK HIGH-FREQUENCY CURRENT RIPPLE

ELIMINATION STRATEGY

A. Proposed DGM-Based PD-PWM

According to the superposition principle and area equivalent
theory of the PWM [23], a DGM-based PD-PWM strategy is
proposed, as shown in Fig. 4, where the arm reference in (7) is
divided into two parts. One is the fundamental component ±yj1,
which is modulated by N number of carriers. The other one is the
second-order component yj2, which is modulated by M carriers.
The M is

M =

{
N, when N is even
N + 1, when N is odd.

(14)

1) DGM-Based PD-PWM for the Upper Arm of Phase j:
The –yj1 is compared with N carriers WI_uj1∼WI_ujN to gen-
erate the voltage level nuj1, where WI_uj1∼WI_ujN are dis-
placed evenly between –1 and 1 and the phase angle of the
WI_uj1∼WI_ujN’s lowest point is θsj. The yj2 is compared with
M carriers WII_uj1∼WII_ujM, where WII_uj1∼WII_ujM are dis-
placed evenly between –1 and 1 and the phase angle of the
WII_uj1∼WII_ujM’s highest point is θsj. Then, M/2 is subtracted
by the comparison result of yj2 and WII_uj1∼WII_ujM to generate
the voltage level nuj2. The total voltage level produced in the
upper arm is nuj = nuj1 + nuj2.

2) DGM-Based PD-PWM for the Lower Arm of Phase j: The
yj1 is compared with N carriers WI_lj1∼WI_ljN to generate the
voltage level nlj1, where the WI_lj1∼WI_ljN are displaced evenly
between –1 and 1 and the phase angle of the WI_lj1∼WI_ljN’s
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Fig. 3. PD-PWM for MMCs under circulating current control. (a) yj2 > 0. (b) yj2 < 0.

Fig. 4. Proposed modulation strategy.

highest point is θsj. The yj2 is compared with M carriers
WII_lj1∼WII_ljM, where WII_lj1∼WII_ljM are displaced evenly
between −1 and 1 and the phase angle of the WII_lj1∼WII_ljM’s
lowest point is θsj. Then, M/2 is subtracted by the comparison
result of yj2 and WII_lj1∼WII_ljM to generate the voltage level
nlj2. The total voltage level produced in the lower arm is nlj =
nlj1 + nlj2.

B. Arm Inductor Voltage Under DGM-Based PD-PWM

Fig. 5 shows the proposed DGM-based PD-PWM. Fig. 5(a)
displays the case when yj2 > 0 and Fig. 5(b) displays the case
when yj2 < 0.

1) Case 1: yj2 > 0: In the upper arm, –yj1 crosses WI_ujK,
and nuj1 is between K–1 and K; yj2 crosses the (M/2 + S)th
carrier WII_uj(M/2 + S), and nuj2 is between S–1 and S. There-
fore, nuj is between K + S–2 and K + S–1. In the lower arm,
yj1 crosses WI_lj(N-K + 1), and nlj1 is between N–K and N–K
+ 1; yj2 crosses WII_lj(M/2 + S), and nlj2 is between S–1 and
S. Therefore, nlj is between N–K + S–1 and N–K + S. As a
result, the sum of uuj and ulj is between (N + 2S–2)Udc/N and
(N + 2S–1)Udc/N. According to (10), the inductor voltage uslj
is between –(2S–1)Udc/N and –(2S–2)Udc/N.

2) Case 2: yj2 < 0: In the upper arm, –yj1 crosses WI_ujK,
and nuj1 is between K–1 and K; yj2 crosses WII_uj(M/2–S), and
nuj2 is between –S–1 and –S. Therefore, nuj is between K–S–1
and K–S. In the lower arm, yj1 crosses WI_lj(N–K + 1), and nlj1 is
between N–K and N–K + 1; yj2 crosses WII_lj(M/2–S), and nlj2
is between –S–1 and –S. Therefore, nlj is between N–K–S and
N–K–S + 1. As a result, the sum of uuj and ulj is between (N–
2S–1)Udc/N and (N–2S)Udc/N. According to (10), the inductor
voltage uslj is between 2SUdc/N and (1 + 2S)Udc/N.

In Fig. 5(a) and (b), the width θj and the distance θmj of the in-
ductor voltage uslj can be calculated by geometrical relationship
as

{
θj = −yj2 ·M · π
θmj = π.

(15)

Based on (9) and (15), the relationship among θa, θb, and θc
can be obtained as

θa + θb + θc = 0. (16)
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Fig. 5. Two cases of the proposed DGM-based PD-PWM. (a) yj2 > 0. (b) yj2 < 0.

C. Proposed DC-Link High-Frequency Current Ripple
Elimination Strategy

A phase-shifted DGM-based PD-PWM strategy is proposed
to eliminate the dc-link high-frequency current ripple. Fig. 6
shows the proposed strategy for the upper arm of phase j. The
sorting index list Kuj1∼KujN for the SMs is established based on
the capacitor voltages ucuj1∼ucujN. The number nuj of inserted
SMs in the arm can be obtained by the references −yj1 and yj2
under the proposed DGM-based PD-PWM, where the phase-
shifted angle for all carriers is θsj. According to the sorting
index list and the arm current iuj, nuj SMs are selected to be
inserted into the arm to keep the capacitor voltage balance as
follows.

1) iuj > 0: nuj SMs with the lowest capacitor voltages are
inserted into the arm.

2) iuj < 0: nuj SMs with the highest capacitor voltages are
inserted into the arm.

Fig. 7 shows the calculation of the carriers’ phase angles θsa,
θsb, and θsc for phases A, B, and C, respectively. In Fig. 7, |θa|,
|θb|, and |θc| corresponding to the arm inductor voltage pulses
usla, uslb, and uslc can be calculated by ya2, yb2, and yc2 and
(15). Afterward, the |θa|, |θb|, and |θc| are sorted in ascending
order for the rank list Kθa, Kθb, and Kθc, which are between 1
and 3. The θsj of carriers in phase j is obtained based on Kθj as
follows.

1) Kθj = 1: θsj is π.
2) Kθj = 2: θsj is π–[max(|θa|, |θb|, |θc|)–|θj|]/2.
3) Kθj = 3: θsj is π + [max(|θa|, |θb|, |θc|)–|θj|]/2.
According to (15) and (16), through regulating θsa, θsb, and

θsc for carriers in phases A, B, and C in each carrier period,
respectively, the arm inductor voltage pulses usla, uslb, uslc in
three phases can be counteracted as

usla + uslb + uslc = 0. (17)
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Fig. 6. Proposed dc-link high-frequency current ripple elimination strategy
for the upper arm of phase j.

Fig. 7. Calculation of carriers’ phase angle θsa, θsb, and θsc in the proposed
strategy.

Fig. 8. Inductor voltages usla, uslb, and uslc under the proposed strategy.

Combining (13) and (17), the dc-link high-frequency current
ripple can be eliminated by the proposed strategy. Fig. 8 shows
an example of usla, uslb, and uslc using the proposed strategy
where the sum of arm inductor voltages in phases A, B, and C is

zero in a carrier period and ensures the elimination of the dc-link
high-frequency current ripple.

V. OPERATION REGION ANALYSIS OF THE

PROPOSED STRATEGY

A. References yj1 and yj2

According to Fig. 4, the SM equivalent references in the upper
and lower arms of phase A can be expressed as

{
yeua = −ya1+ya2 ·M/N
yela = ya1+ya2 ·M/N.

(18)

In the MMC, since the second-order harmonic circulating
current is suppressed, the upper arm current iua and lower arm
current ila in phase A can be expressed as

{
iua = idc/3 + ia/2
ila = idc/3− ia/2

(19)

where idc is the dc-link current as idc = P/Udc.
According to (18), (19), and Fig. 1, the capacitor voltages

ucua and ucla in the upper and lower arm are as follows:
{
ucua = 1

C

∫
iua · 1+yeua

2 dt

ucla = 1
C

∫
ila · 1+yela

2 dt.
(20)

According to (18) and (20), the total SM output voltages uua
and ula in upper and lower arms can be calculated as

{
uua = Nucua · 1+yeua

2

ula = Nucla · 1+yela

2 .
(21)

Substituting (3), (8), (9), and (18)–(20) into (21), neglecting
the high-order harmonics, uua and ula can be rewritten as

⎧⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎩

uua = Ua0 − [Ua1_ sin sin(ω0t)+Ua1_cos cos(ω0t)]
Fundamental component

+ [Ua2_ sin sin(2ω0t)+Ua2_cos cos(2ω0t)]
Second−order component

ula = Ua0 − [Ua1_ sin sin(ω0t)+Ua1_cos cos(ω0t)]
Fundamental component

+ [Ua2_ sin sin(2ω0t)+Ua2_cos cos(2ω0t)]
Second−order component

(22)

with

Ua0 =
NUcap

2
+

Nm1Im
16ω0C

sin (ϕ+ α1)

− Mm1m2Im
64ω0C

cos (ϕ− α1 + α2) (23)

Ua1_ sin =
N

192ω0C

⎡
⎢⎢⎣
96ω0Cm1Ucap cosα1 + 24Im sinϕ
+16m1idc sinα1 + 3m2

1Im sinϕ
+4(M/N)2m2

2Im sinϕ
−4M

N m1m2idc cos (−α1 + α2)

⎤
⎥⎥⎦

(24)

Ua1_ cos =
N

192ω0C

⎡
⎢⎢⎣
96ω0Cm1Ucap sinα1 + 24Im cosϕ
−16m1idc cosα1 + 3m2

1Im cosϕ
−4(M/N)2m2

2Im cosϕ
−4M

N m1m2idc sin (−α1 + α2)

⎤
⎥⎥⎦

(25)
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Fig. 9. Calculation for references yj1 and yj2 under the proposed strategy.

Ua2_ sin =
N

96ω0C

⎡
⎢⎢⎢⎢⎣

M
N 48ω0Cm2Ucap cosα2

+9m1Im cos (ϕ− α1)
+4M

N m2idc sinα2 − 4m2
1idc cos 2α1

−3M
N m1m2Im sin (ϕ+ α1 + α2)

+M
N m1m2Im sin (ϕ+ α1 − α2)

⎤
⎥⎥⎥⎥⎦

(26)

Ua2_ cos =
N

96ω0C

⎡
⎢⎢⎢⎢⎣

M
N 48ω0Cm2Ucap sinα2

−9m1Im sin (ϕ− α1)
−4M

N m2idc cosα2 − 4m2
1idc sin 2α1

+3M
N m1m2Im cos (ϕ− α1 − α2)

+M
N m1m2Im cos (ϕ+ α1 − α2)

⎤
⎥⎥⎥⎥⎦

(27)

where Ucap is the dc component of capacitor voltage. Based on
(10), (22), and (23), there is

2Ua0 = Udc. (28)

Combining (2), (5), (6), and (22)–(25), (29) can be obtained
as {

Ua1_ sin = Ue cos δ
Ua1_ cos = Ue sin δ.

(29)

Due to circulating current suppression, the second-order com-
ponents in uua and ula are zero as{

Ua2_ sin = 0
Ua2_ cos = 0.

(30)

Equations (28)–(30) give an equation system with five un-
known variables m1, α1, m2, α2, and Ucap. At a given P
and Q, these variables can be solved by numerical calculation.
Afterward, the references (yj1, yj2) corresponding to (P, Q) can
be obtained, as shown in Fig. 9.

B. Analysis of P and Q Region Under the Proposed Strategy

According to [24], the operation region of the MMC is theo-
retically limited by

P 2 +Q2 ≤ SN
2 (31)

where SN is the rated apparent power. Hence, the possible
maximum PQ operating region of the MMC is a circle with
the radius of 1.0 p.u., where the basis is SN. On the other hand,
the references (yj1, yj2) corresponding to (P, Q) also have to
meet (32) so as to avoid overmodulation⎧⎪⎪⎨

⎪⎪⎩

−1 ≤ yj1 ≤ 1
−1 ≤ yj2 ≤ 1
−1 ≤ yeuj = −yj1+yj2 ·M/N ≤ 1
−1 ≤ yelj = yj1+yj2 ·M/N ≤ 1.

(32)

Fig. 10. Operation region of the MMC using the proposed strategy.

TABLE I
SIMULATION SYSTEM PARAMETERS

Fig. 11. Calculation results. (a) m1. (b) m2.

Based on Fig. 9, (31), and (32), the P and Q region of the
MMC can be calculated, as shown in Fig. 10, which is based on
the system parameters in Table I. Fig. 11 shows the amplitudes
m1 and m2 of yj1 and yj2, respectively. Here, the MMC can
operate at the rated apparent power in the whole power factor
angle range (0 ≤ ϕ ≤ 360o).

VI. COMPARISON BETWEEN THE PROPOSED STRATEGY AND

STRATEGY IN [21]

A. Analysis of P and Q Region in [21]

Deng et al. [21] present control to suppress the dc-link high-
frequency current ripple of the MMC under PD-PWM, where
only one SM in each arm is used to suppress the circulating
current and the others are used for power transmission. The SM
equivalent references in the upper arm and the lower arm in [21]
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Fig. 12. Calculation for references yj1 and yj2 under the strategy in [21].

Fig. 13. Operating region of the MMC using the strategy in [21].

Fig. 14. Calculation results. (a) m1. (b) m2.

are as follows:{
y′euj = −yj1 · (N − 1)/N+yj2/N
y′elj = yj1 · (N − 1)/N+yj2/N.

(33)

Referring to the analysis between (P, Q) and (yj1, yj2) shown
in Fig. 9 for the proposed strategy and replacing (18) with (33)
in Section V-A, the relationship between (P, Q) and (yj1, yj2) in
the strategy [21] can also be obtained, as shown in Fig. 12. Here,
the references (yj1, yj2) corresponding to (P, Q) are limited by
(34) so as to avoid the overmodulation, which may restrict the
region of P and Q⎧⎪⎪⎨

⎪⎪⎩

−1 ≤ yj1 ≤ 1
−1 ≤ yj2 ≤ 1
−1 ≤ yeuj = [−yj1 · (N − 1)+yj2]/N ≤ 1
−1 ≤ yelj = [yj1 · (N − 1)+yj2]/N ≤ 1.

(34)

Based on the above analysis, the P and Q region of the MMC
using the strategy in [21] is calculated, as shown in Fig. 13,
which is based on the system parameters in Table I. It shows
that the MMC cannot operate at rated apparent power when
42°≤ϕ≤138°. The maximum reactive power that the MMC can
output is only 0.695. Fig. 14 shows the amplitudes m1 and m2

of the references yj1 and yj2, respectively. The operation region
of the MMC is weakened under the strategy in [21].

Fig. 15. P and Q region of MMCs using the strategy in [21] under various
numbers of SMs per arm. (a) With m1. (b) With m2.

Fig. 16. P and Q region of MMCs using the proposed strategy under various
numbers of SMs per arm. (a) With m1. (b) With m2.

B. Comparison Between the Proposed Strategy and [21]

According to the SM equivalent reference in (18), the ac EMF
uej and the modulated second-order harmonic voltage uj2f for
suppressing second-order harmonic circulating current of the
MMC under the proposed strategy are as follows:{

uej = yj1 · Udc/2
uj2f = −yj2 · Udc·M/N.

(35)

According to the SM equivalent reference in (33), the ac
EMF u′ej and the modulated second-order harmonic voltage u′j2f
for suppressing second-order harmonic circulating current of
MMCs under the strategy in [21] are as follows:{

u′
ej = yj1 · N−1

N
Udc

2
u′

j2f = −yj2 · Udc/N.
(36)

According to (35) and (36), there is uej > u′ej and therefore
the proposed strategy has wider operation range of the MMC
in comparison with the strategy in [21]. In addition, the uej has
nothing with the SM number N, whereas the u′ej is decided by
N. Along with the reduction of N, the u′ej becomes small and the
operation range of the MMC is reduced.

According to (35) and (36), uj2f has little relationship with N,
whereas u′j2f is decided by N. Along with the increase of N, the
u′j2f becomes small. Consequently, the yj2 should be increased
so as to maintain the u′j2f to suppress the circulating current.
However, yj2 has its limitation shown in (34), which restricts
the operation region of the MMC.

Figs. 15 and 16 show the P and Q region of MMCs using the
strategy in [21] and the proposed strategy, respectively, which
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are calculated based on the system parameters in Table I. In
Figs. 15 and 16, the MMC with different SM number per arm is
considered including 10, 20, 30, 40, and 50, whereas the rated
apparent power and dc-link voltage remain unchanged. In order
to keep the same equivalent capacity discharging time constant
[25], the SM capacitance is also changed proportionally.

Fig. 15(a) and (b) shows the P and Q region of the MMC
corresponding to the modulation indexes m1 and m2 in ya1 and
ya2, respectively, under the strategy in [21]. The MMC almost
cannot work at the rated apparent power in the whole power
factor angle range under the strategy in [21], where the power
operating region of the MMC varies under different numbers
of SMs per arm. When N is close to 20, the MMC has a wider
operating region. When N < 20, the maximum reactive power
is reduced. When N > 20, the maximum reactive power and the
maximum active power are both reduced.

Fig. 16(a) and (b) shows the P and Q region of the MMC
corresponding to m1 and m2 in ya1 and ya2, respectively, under
the proposed strategy. Here, the MMC can work at the rated
apparent power in the whole power factor angle range under the
proposed strategy, which effectively expands the power region
of the MMC in comparison with the strategy in [21].

VII. SIMULATION STUDIES

To verify the proposed strategy, a three-phase MMC system,
as shown in Fig. 1, is simulated with PSCAD/EMTDC. The
dc side of the MMC is connected to a dc voltage source. The
circulating current suppression method [13] is adopted. The
system parameters are listed in Table I.

A. With PD-PWM

Fig. 17 shows the performance of the MMC with PD-PWM,
where P= 1 p.u. and Q= 0 atϕ= 0°. The SM average switching
frequency is 680 Hz. Fig. 17(a) shows the arm currents iua, ila,
and (iua + ila)/2 of phase A, where the second-order circulating
current is suppressed. Fig. 17(b) shows the dc-link current,
whose maximum peak-to-peak value is 22.8 A. Fig. 17(c)–(e)
shows the total arm inductor voltages usla, uslb, and uslc in
phases A, B, and C, respectively, which have voltage pulses
as the theoretical analysis in Fig. 3. Fig. 17(f) shows the sum of
total inductor voltages in phases A, B, and C, which causes the
dc-link high-frequency current ripple, as shown in Fig. 17(g).
Fig. 17(h) shows the spectrum of the dc-link current, which has
many high-frequency components.

B. With the Proposed Strategy

Fig. 18 shows the performance of MMCs with the proposed
strategy, where P = 1 p.u. and Q = 0 at ϕ= 0°. The SM average
switching frequency is 780 Hz. Fig. 18(a) shows the arm current
and circulating current (iua + ila)/2 of phase A. Fig. 18(b) shows
the dc-link current idc. The maximum peak-to-peak value of
idc is only 3.2 A, which is less than one-seventh of that with
PD-PWM in Fig. 17(b). Fig. 18(c) shows that the carriers’
phase-shifting angles θsa, θsb, and θsc are in a small range
between –0.32 and 0.18 in rad. Fig. 18(d)–(f) shows the inductor

Fig. 17. Simulation waveforms using PD-PWM. (a) iua, ila, and (iua + ila)/2
in phase A. (b) DC-link current. (c) Arm inductor voltage usla. (d) Arm inductor
voltage uslb. (e) Arm inductor voltage uslc. (f) Sum of usla, uslb, and uslc.
(g) DC-link current. (h) Spectrum of dc-link current.
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Fig. 18. Simulation waveforms using the proposed strategy. (a) iua, ila, and
(iua + ila)/2 in phase A. (b) DC-link current. (c) Carriers’ phase-shifting angles
θsa, θsb, and θsc. (d) Arm inductor voltage usla. (e) Arm inductor voltage uslb.
(f) Arm inductor voltage uslc. (g) Sum of usla, uslb, and uslc. (h) DC-link current.
(i) Spectrum of dc-link current.

Fig. 19. References y′a1 and y′a2. (a) ϕ = 0° (P = 1.0 p.u., Q = 0). (b) ϕ =
180° (P = –1.0 p.u., Q = 0). (c) ϕ= 270° (P = 0, Q = –1.0 p.u.). (d) ϕ= 90°
(P = 0, Q = 0.699 p.u.).

Fig. 20. Grid current under [21]. (a) ϕ = 0° (P = 1.0 p.u., Q = 0). (b) ϕ =
180° (P = –1.0 p.u., Q = 0). (c) ϕ= 270° (P = 0, Q = –1.0 p.u.). (d) ϕ= 90°
(P = 0, Q = 0.699 p.u.).

voltages usla, uslb, and uslc, respectively. With the proposed
strategy, the sum of usla, uslb, and uslc is nearly zero in Fig. 18(g),
which eliminates high-frequency current ripple in the idc, as
shown in Fig. 18(h). Fig. 18(i) shows the spectrum of the idc.
Compared with Fig. 17(h), the high-frequency components are
much reduced with the proposed strategy.

C. P and Q Region in Strategy [21] and the Proposed Strategy

Figs. 19 and 20 show the performance of the MMC using the
strategy in [21]. Fig. 19 shows the references ya1 and ya2 for the
MMC in four operation conditions. Fig. 19(a) shows ya1 and
ya2 when the MMC outputs rated active power P = 1 p.u. at
ϕ = 0°. Fig. 19(b) shows ya1 and ya2 when the MMC absorbs
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Fig. 21. References ya1 and ya2. (a) ϕ = 0°, P = 1.0 p.u., Q = 0. (b) ϕ =
180°, P = –1.0 p.u., Q = 0. (c) ϕ = 270°, P = 0, Q = –1.0 p.u.. (d) ϕ = 90°,
P = 0, Q = 1.0 p.u.

Fig. 22. Grid current under the proposed strategy. (a) ϕ = 0° (P = 1.0 p.u.,
Q = 0). (b) ϕ = 180° (P = –1.0 p.u., Q = 0). (c) ϕ = 270° (P = 0, Q = –1.0
p.u.). (d) ϕ = 90° (P = 0, Q = 1.0 p.u.).

active power P = –1 p.u. at ϕ= 180°. Fig. 19(c) shows ya1 and
ya2 when the MMC absorbs reactive power Q = –1 p.u. at ϕ =
270°. The MMC can work at the rated apparent power when ϕ
is 0°, 180°, and 270°, respectively. Fig. 19(d) shows ya1 and ya2
when the MMC outputs maximum reactive power at ϕ = 90°.
Here, the maximum reactive power is only 0.699 p.u., though
ya1 reaches its maximum value of 1.0. Fig. 20(a)–(d) shows the
grid current for the above four conditions. The amplitude drops
to 685 A at ϕ = 90°, which is about 69.9% of the rated value
(980 A).

Figs. 21 and 22 show the performance of the MMC using the
proposed strategy. Fig. 21(a)–(d) shows the references ya1 and
ya2 in four conditions including at P = 1 p.u. and Q = 0, at P =
–1 p.u. and Q = 0, at P = 0 and Q = –1 p.u., and at P = 0 and

Fig. 23. Photograph of the experimental setup.

TABLE II
EXPERIMENTAL SYSTEM PARAMETERS

Q= 1 p.u., where the MMC can work at the rated apparent power
when ϕ is 0°, 180°, 270°, and 90°, respectively. Fig. 22(a)–
(d) shows the grid current for the above four conditions. The
amplitudes are all nearly the same and equal to the rated value.

VIII. EXPERIMENTAL STUDIES

A three-phase MMC prototype is built in the laboratory to
verify the proposed strategy. Fig. 23 shows the photograph of
the experimental setup. A dc power supply paralleled with the
resistor is used to support the dc-link voltage. The ac side of
the MMC is connected to the grid via an isolation transformer
and an autotransformer. The control algorithm is implemented
by digital signal processor (DSP) and the drive signals are
transferred to the driving panel of each SM by optical fibers.
The system parameters are listed in Table II.

A. With PD-PWM

Fig. 24 shows the performance of MMCs with PD-PWM,
where the SM average switching frequency is 1090 Hz.
Fig. 24(a) shows the upper and lower arm currents iua, ila, and
iua + ila. Fig. 24(b) shows the upper arm currents iua, iub, and
iuc in phases A, B, and C and the dc-link current idc, where
the maximum dc-link current ripple is 4.9 A. Fig. 24(c) shows
the total inductor voltages usla, uslb, and uslc in phases A, B,
and C, as well as the caused dc-link current ripple. Fig. 24(d)
shows usla, uslb, uslc, and idc in a small time scale. There are



YU et al.: DC-LINK HIGH-FREQUENCY CURRENT RIPPLE ELIMINATION STRATEGY FOR MMCs 8883

Fig. 24. Experimental waveforms with PD-PWM. (a) iua, iub (4 A/div), and
iua + iub (2 A/div). Time base is 10 ms. (b) iua, iub, iuc (4 A/div), and idc (2
A/div). Time base is 10 ms. (c) usla, uslb, uslc (100 V/div), and idc (2 A/div).
Time base is 4 ms. (d) usla, uslb, uslc (100 V/div), and idc (2 A/div). Time base
is 100 μs. (e) Spectrum of the dc-link current.

Fig. 25. Experimental waveforms with proposed strategy. (a) iua, iub (4
A/div), and iua + iub (2 A/div). Time base is 10 ms. (b) iua, iub, iuc (4 A/div),
and idc (2 A/div). Time base is 10 ms. (c) usla, uslb, uslc (100 V/div), and idc
(2 A/div). Time base is 4 ms. (d) usla, uslb, uslc (100 V/div), and idc (2 A/div).
Time base is 100 μs. (e) Spectrum of the dc-link current.
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Fig. 26. Experimental waveforms of reference signals ya1 and ya2 with the
strategy in [21]. (a) ϕ = 0° (P = 1.0 p.u., Q = 0). (b) ϕ = 180° (P = –1.0
p.u., Q = 0). (c) ϕ = 270° (P = 0, Q = –1.0 p.u.). (d) ϕ = 90° (P = 0, Q =
0.32 p.u.).

several voltage pulses in each carrier period, which cause the
ripple of idc. idc drops in the periods t1–t2, t3–t4, t9–t10, t11–t12
due to the negative pulses of usla and uslb and rises in the periods
t5–t6, t7–t8 because of the positive pulses of uslc. As a result, the
peak-to-peak value of idc reaches 4.3 A. Fig. 17(e) shows the
spectrum of idc.

B. With the Proposed Strategy

Fig. 25 shows the performance of the MMC using the pro-
posed strategy, where the SM average switching frequency is
1310 Hz. Fig. 25(a) shows the iua, ila, and iua + ila in phase A.
Fig. 25(b) shows the upper arm currents iua, iub, iuc in phases A,
B, and C and idc. The maximum ripple of idc is 1.9 A, which is
only 38.8% of that in Fig. 24(b). Fig. 25(c) shows the inductor
voltages usla, uslb, and uslc in phases A, B, and C, as well as
the caused dc-link current ripple. Fig. 25(d) shows the usla,
uslb, uslc, and idc in small time scale. It can be observed that
usla, uslb, and uslc in three phases are phase shifted and the
sum is almost zero in each carrier period, which eliminates the
high-frequency ripple for idc. Fig. 25(e) shows the spectrum of
the dc-link current, where the high-frequency components are
much reduced in comparison with Fig. 24(e).

C. P and Q Region for Strategy in [21] and the
Proposed Strategy

Fig. 26 shows the measured fundamental frequency compo-
nent and second-order component of the references for phase A
using the strategy in [21]. Fig. 26(a)–(c) shows the references
when ϕ = 0°, 180°, and 270°, respectively. The MMC works,
respectively, at: 1) P = 1.0 p.u., Q = 0, 2) P = –1.0 p.u., Q = 0,
and 3) P= 0, Q= –1.0 p.u. Fig. 26(d) shows the references when
the MMC outputs maximum reactive power at ϕ = 90°. The

Fig. 27. Experimental waveforms of grid current with the strategy in [21]. (a)
ϕ = 0° (P = 1.0 p.u., Q = 0). (b) ϕ = 180° (P = –1.0 p.u., Q = 0). (c) ϕ =
270° (P = 0, Q = –1.0 p.u.). (d) ϕ = 90° (P = 0, Q = 0.32 p.u.).

Fig. 28. Experimental waveforms of reference signals ya1 and ya2 with the
proposed strategy. (a) ϕ = 0° (P = 1.0 p.u., Q = 0). (b) ϕ = 180° (P = –1.0
p.u., Q = 0). (c) ϕ = 270° (P = 0, Q = –1.0 p.u.). (d) ϕ = 90° (P = 0, Q =
1.0 p.u.).

maximum reactive power, however, is only 0.32 p.u., though y′a1
reaches its maximum value 1.0. Fig. 27 shows the grid current
for the above four conditions. The amplitude of the grid current
at ϕ= 90° drops to 3.1 A, which is about 32% of the rated value
(9.6 A).

Fig. 28 shows the measured fundamental frequency compo-
nent and second-order component of the references for phase A
using the proposed strategy. Fig. 28(a)–(d) shows the references
when ϕ = 0°, 180°, 270°, and 90°, respectively. The MMC
works, respectively, at 1) P = 1.0 p.u., Q = 0, 2) P = –1.0 p.u.,
Q = 0, 3) P = 0, Q = –1.0, and 4) P = 0, Q = 1.0. Fig. 29 shows
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Fig. 29. Experimental waveforms of grid current with the proposed strategy.
(a) ϕ = 0° (P = 1.0 p.u., Q = 0). (b) ϕ = 180° (P = –1.0 p.u., Q = 0). (c) ϕ
= 270° (P = 0, Q = –1.0 p.u.). (d) ϕ = 90° (P = 0, Q = 1.0 p.u.).

the grid current for the above four conditions. With proposed
strategy, the MMC can operate at rated apparent power, which
extends the power region in comparison with [21].

IX. CONCLUSION

This article proposes a phase-shifted DGM-based PD-PWM
strategy for MMCs. The fundamental frequency component and
the second-order component of the arm reference are modulated
separately by different groups of carriers, respectively. By shift-
ing the phase angles of the carriers in each carrier period, the
high-frequency current in the arms caused by the active circulat-
ing current suppression can be counteracted for three phases so
that the dc-link high-frequency current ripple can be eliminated.
Besides, the proposed strategy overcomes the operation region
reduction, so that the MMC with the proposed strategy has a
wider operation region in comparison with the existing dc-link
current ripple suppression strategy under PD-PWM. Simulations
and experimental studies are conducted and demonstrate the
effectiveness of the proposed strategy.
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