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Elimination of DC-Link Current Ripple for Modular
Multilevel Converters With Capacitor Voltage-

Balancing Pulse-Shifted Carrier PWM
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Abstract—The modular multilevel converter (MMC) is attrac-
tive for medium- and high-power applications because of its high
modularity, availability, and power quality. In this paper, the cur-
rent ripple on the dc link of the three-phase MMC derived from
the phase-shifted carrier-based pulse-width modulation scheme is
analyzed. A control strategy is proposed for the current ripple elim-
ination. Through the regulation of the phase-shifted angles of the
carrier waves in the three phases of the MMC, the current ripple on
the dc link of the three-phase MMC can be effectively eliminated.
Simulations and experimental studies of the MMC were conducted,
and the results confirm the effectiveness of the proposed current
ripple elimination control.

Index Terms—Capacitor voltage balancing, control strategy,
modular multilevel converter (MMC), ripple elimination.

I. INTRODUCTION

MODULAR multilevel converters (MMCs) received in-
creasing attentions in recent years due to the demands

of high power and high voltage in industrial applications [1].
The MMC was first proposed by Marquardt and Lesnicar in
2000s and is regarded as one of the next-generation high-voltage
multilevel converters without line-frequency transformers [2].
The MMC is composed of a number of half-bridge submod-
ules (SMs) converters, which offers redundancy possibilities for
higher reliability. The high number of modules can also produce
high-level output voltage and enables a significant reduction
in the device’s average switching frequency without compro-
mising the power quality [3]. In addition, the series-connected
buffer inductor in each arm can limit the current and protect the
system during faults. Due to its modular structure, simple volt-
age scaling, the MMC is attractive for medium-voltage drives,
high-voltage direct current (HVDC) transmission, and flexible
ac transmission systems [4]–[8].

Recently, the MMC has been reported in a few litera-
ture works [1]–[25], which focus on pulse width modulation
(PWM) method, capacitor voltage balancing control, mod-
eling method, reduction of switching frequency, circulating
current-suppressing control, inner energy control, fault detec-
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tion method, loss analysis, system control under unbalanced
grid, and so on. Various multicarrier PWM techniques have
been introduced to the MMC, where the phase-disposition (PD)
sinusoidal pulse width modulation (SPWM) method and the
phase-shifted carrier-based (PSC) PWM method are widely used
for the control of the MMC [10]–[18]. The capacitor voltage-
balancing is an important issue in the MMC. Hagiwara and
Akagi [9] proposed a capacitor voltage-balancing control for
the MMC based on the combination of averaging and balancing
control without any external circuit, and the results are veri-
fied by simulation and experiment. Saeedifard and Iravani [10]
presented a capacitor voltage-balancing control method with
PD-SPWM method, where the capacitor voltage can be bal-
anced by sorting and selecting the different SMs to be turned
ON in each switching period. Deng and Chen [11] presented
the PSC-PWM method for capacitor voltage balancing, where
a high-frequency arm current may be generated under the PSC-
PWM method, and the capacitor voltage-balancing can be real-
ized with the generated high-frequency arm current. However,
the generated high-frequency arm current under the PSC-PWM
method will be injected into the dc link of the MMC and may
produce dc-link current ripple, which has been not discussed.

In this paper, the PSC-PWM method for the three-phase
MMC is discussed. The produced high-frequency arm current
under the PSC-PWM method in the three phases of the MMC is
analyzed. A dc-link current ripple elimination control strategy is
proposed for the three-phase MMC, where the high-frequency
current ripple on the dc link of the MMC can be eliminated
by controlling the phase-shift angles of the carrier waves in the
three phases.

This paper is organized as follows. In Section II, the ba-
sic structure, modulation, and voltage balancing control of the
MMC is presented. Section III proposes the current ripple elim-
ination control for three-phase MMCs. The system simulations
and experimental tests are described in Sections IV and V, re-
spectively, to show the effectiveness of the proposed current rip-
ple elimination control. Finally, the conclusions are presented
in Section VI.

II. MODULAR MULTILEVEL CONVERTERS

A. Structure of MMCs

A schematic representation of the three-phase MMC is shown
in Fig. 1(a). The MMC consists of six arms where each arm in-
cludes n series-connected SMs and a buffer inductor Ls . The
upper and lower arms in the same phase comprise a phase
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Fig. 1. (a) Block diagram of the three-phase MMC. (b) SM unit.

TABLE I
SM STATE

SM Arm current Capacitor Capacitor
state Switch S1 Switch S2 V sm ism C sm state voltage Vc

On ON OFF Vc Positive Charge Increased
Negative Discharge Decreased

Off OFF ON 0 Positive Bypass Unchanged
Negative Bypass Unchanged

unit. An SM unit is shown in Fig. 1(b), which is a half-bridge
converter based on two insulated gate bipolar transistors and a
dc storage capacitor [13]–[17].

The normal working states of the SM are shown in Table I.
The switches (S1 and S2) in the SM unit are controlled with two
complementary signals. If S1 is switched ON and S2 is switched
OFF, the SM state is “On” and the corresponding output voltage
Vsm of the SM is Vc . On the contrary, the SM state is “Off” and
the Vsm is 0 when S1 is switched OFF and S2 is switched ON
[10].

The capacitor Csm situation in each SM is related to the SM
state and the direction of the arm current ism . If the SM state is
“On” and the arm current ism is positive, as shown in Fig. 1(b),
Csm would be charged and its voltage Vc increased. Conversely,
Csm would be discharged and Vc decreased when the SM state
is “On” and ism is negative. On the other hand, Csm would be
bypassed when the SM state is “Off,” and its voltage Vc remains
unchanged [11].

B. Modulation and Voltage-Balancing Control

The PSC-PWM modulation [11], which can produce high
voltage level, is applied to the MMC, as shown in Fig. 2 with
four SMs for each arm. In the phase A of the MMC with n SMs

Fig. 2. Block diagram of the PSC-PWM method for phase A.

per arm, the n pulses Sua1 � Suan and Sla 1 � Slan for the upper
and lower arms can be produced by the comparison of the n
carrier waves War 1 � Warn and the reference signal –xa and
xa , respectively. The carrier wave frequency is fs.ωs = 2πfs is
the angular frequency of the carrier wave. Each carrier wave is
phase-shifted by an angle of Δθa (0 < Δθa < 2π/n). Suppose
the carrier wave frequency fs is far higher than that of the
reference signal, the generated n upper arm pulses Sua1 ∼ Suan

almost have the same width of Δθua and the generated n lower
arm pulses Sla1 ∼ Slan almost have the same width of Δθla , as
shown in Fig. 2.

Suppose the capacitor voltages are kept the same and ac-
cording to [11], a high-frequency component if s a in the arm
currents iua and ila of phase A with a frequency of fs may be
generated by the PSC-PWM method, as shown in Fig. 2, which
can be expressed as

if s a(t) =
2Vc

ωsLsπ
·
sin nΔθa

2

sin Δθa

2

· cos
(

Δθua−Δθla

4

)
· sin(ωst).

(1)
The peak value of the generated high-frequency current ap-

pears at π/2 in each period of 2π, as shown in Fig. 2. The
capacitor voltage-balancing control can be realized as Table II
[11].

1) When the capacitor voltage is low, the pulse with its
middle-point close to π/2, as shown in Fig. 2, may be
assigned to the corresponding SM. Consequently, the cor-
responding SM capacitor will absorb more power when
the arm current is positive and the capacitor voltage in-
creases more. Or, the corresponding SM capacitor will
produce less power when the arm current is negative and
the capacitor voltage decreases less.

2) When the capacitor voltage is high, the pulse with its
middle-point far from π/2, as shown in Fig. 2, may be
assigned to the SM. Consequently, the corresponding SM
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TABLE II
SM CAPACITOR VOLTAGE CONTROL

SM capacitor Pulse Arm Capacitor energy SM capacitor
voltage assignment current transfer voltage trend

Low Pulse with
its middle
point close

to π /2

Positive Absorb more power Increased more

Negative Produce less power Decreased less
High Pulse with

its middle
point far

away from
π /2

Positive Absorb less power Increased less

Negative Produce more power Decreased more

capacitor will absorb less power when the arm current
is positive and the capacitor voltage increases less. Or,
the corresponding SM capacitor will produce more power
when the arm current is negative and the capacitor voltage
decreases more.

As to the phases B and C, the high-frequency component if s b

and if s c in the arm currents of phases B and C with a frequency
of fs may also be generated under the PSC-PWM method, which
can also be used for their capacitor voltage-balancing control
with the similar method to that for phase A.

III. PROPOSED CURRENT RIPPLE ELIMINATION CONTROL

In the three-phase MMC, as shown in Fig. 1, the generated
high-frequency currents if s a , if s b , and if s c with the fre-
quency of fs in phases A, B, and C will be injected into the dc
link of the MMC and may cause dc-link current ripple. In order
to eliminate the high-frequency current ripple with the frequency
of fs on the dc link of the three-phase MMC, the middle-points
M1 , M2 , and M3 of the triangular carrier waves War1 ∼ Warn ,
Wbr1 ∼ Wbrn , and Wcr1 ∼ Wcrn for phases A, B, and C are
proposed to be phase-shifted by an angle of 2π/3, as shown in
Fig. 3. Each carrier wave for phases B and C is phase-shifted by
an angle of Δθb and Δθc (0 < Δθb < 2π/n, 0 < Δθc < 2π/n),
respectively, as shown in Fig. 3. Consequently, according to
Figs. 2 and 3, the generated high-frequency currents if s b and
if s c in phases B and C will lead and lag if s a by an angle of
2π/3.

According to [11] and Figs. 2 and 3, the generated high-
frequency currents if s b and if s c under the PSC-PWM method
in phases B and C can be expressed as

⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

if s b(t) =
2Vc

ωsLsπ
·
sin nΔθb

2

sin Δθb

2

· cos
(

Δθub − Δθlb

4

)

· sin
(

ωst +
2π

3

)

if s c(t) =
2Vc

ωsLsπ
·
sin nΔθc

2

sin Δθc

2

· cos
(

Δθuc − Δθlc

4

)

· sin
(

ωst −
2π

3

)

(2)

Fig. 3. Block diagram of the PSC waves for phases A, B, and C.

Fig. 4. Block diagram of the proposed current ripple elimination control for
three-phase MMCs.

where Δθub , Δθlb and Δθuc , Δθlc are the upper and lower arm
pulse widths of phases B and C, respectively. The three-phase
sinusoidal reference signals xa , xb , and xc for the MMC can be
defined as

⎧⎪⎪⎨
⎪⎪⎩

xa = m · sin(ωt + α)

xb = m · sin(ωt + α − 2π/3)

xc = m · sin(ωt + α + 2π/3)

(3)
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Fig. 5. Simulated waveforms of the MMC without proposed control under Δθa = Δθb = Δθc = 22◦. (a) Carrier waves for phase A. (b) Carrier waves for
phase A in a small time scale. (c) Carrier waves for phase B. (d) Carrier waves for phase B in a small time scale. (e) Carrier waves for phase C. (f) Carrier waves
for phase C in a small time scale. (g) Capacitor voltage of phase A. (h) Upper and lower arm currents iu a and ila of phase A. (i) Upper arm currents iu a , iu b , and
iu c . (j) DC-link current idc . (k) Upper arm currents iu a , iu b , and iu c in small time scale. (l) DC-link current idc in small time scale.

Fig. 6. Simulated waveforms of the MMC without proposed control under
Δθa = Δθb = Δθc = 26◦. (a) Upper arm currents iu a , iu b , and iu c . (b) DC-
link current idc .

Fig. 7. Simulated waveforms of the MMC without proposed control under
Δθa = Δθb = Δθc = 30◦. (a) Upper arm currents iu a , iu b , and iu c . (b) DC-
link current idc .
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Fig. 8. Simulated waveforms of the MMC with proposed control under k = 2. (a) Carrier waves for phase A. (b) Carrier waves for phase A in a small time scale.
(c) Carrier waves for phase B. (d) Carrier waves for phase B in a small time scale. (e) Carrier waves for phase C. (f) Carrier waves for phase C in a small time
scale. (g) Capacitor voltage of phase A. (h) Upper and lower arm currents iu a and ila of phase A. (i) Upper arm currents iu a , iu b , and iu c . (j) DC-link current
idc . (k) Upper arm currents iu a , iu b , and iu c in small time scale. (l) Phase-shift angles Δθa , Δθb , and Δθc .

where m is modulation index. α is the phase angle. As to the
SPWM method with symmetrical regular sampling [26], the
produced pulse widths for the upper and lower arms of phases
A, B, and C in each period of 2π, as shown in Fig. 2, can be
calculated as

⎧⎪⎪⎨
⎪⎪⎩

Δθuj = 2π · 1 + xj

2

Δθlj = 2π · 1−xj

2

, (j = a, b, c). (4)
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Fig. 9. Simulated waveforms of the MMC with proposed control under k =
2.5. (a) Upper arm currents iu a , iu b , and iu c . (b) DC-link current idc . (c) Upper
arm currents iu a , iu b , and iu c in small time scale. (d) Phase-shift angles Δθa ,
Δθb , and Δθc .

Fig. 10. Block diagram of an MMC-based HVDC system.

Substituting (4) into (1) and (2), there will be⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

if s a(t)=
2Vc

ωsLsπ
· cos

(π

2
xa

)
·
sin nΔθa

2

sin Δθa

2

· sin(ωst)

if s b(t)=
2Vc

ωsLsπ
· cos

(π

2
xb

)
·
sin nΔθb

2

sin Δθb

2

· sin
(

ωst +
2π

3

)

if s c(t)=
2Vc

ωsLsπ
· cos

(π

2
xc

)
·
sin nΔθc

2

sin Δθc

2

· sin
(

ωst −
2π

3

)
.

(5)
The high-frequency currents if s a , if s b , and if s c will flow

through the dc link of the MMC. The summation idc f s of if s a ,

Fig. 11. Cable current idc of the HVDC system. (a) Without proposed control
and Δθa = Δθb = Δθc = 34◦. (b) Without proposed control and Δθa =
Δθb = Δθc = 32◦. (c) Without proposed control and Δθa = Δθb = Δθc =
30◦. (d) With proposed control and k = 2.

Fig. 12. Block diagram of the experimental circuit.
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Fig. 13. Measured experimental waveforms under Δθa = Δθb = Δθc = 60◦. (a) Voltages uab (100 V/div), ubc (100 V/div) and currents ia (5 A/div), ib
(5 A/div). Time base is 4 ms. (b) Currents iu a (5 A/div), ila (5 A/div), and ia (5 A/div). Time base is 4 ms. (c) Voltages ucau 1 (10 V/div), ucau 2 (10 V/div),
uca l1 (10 V/div), and uca l2 (10 V/div). Time base is 4 ms. (d) Currents iu a (2 A/div), ila (2 A/div), and voltage unm (100 V/div) of phase A. Time base is 40 us.
(e) Currents idc (2 A/div), iu a (2 A/div), iu b (2 A/div), and iu c (2 A/div). Time base is 4 ms. (f) Currents idc (2 A/div), iu a (2 A/div), iu b (2 A/div), and iu c

(2 A/div). Time base is 200 μs.

if s b , and if s c may cause dc-link current ripple, which can be
expressed as

idc f s(t) =
2Vc

ωsLsπ
·
[
cos

(π

2
xa

)
·
sin nΔθa

2

sin Δθa

2

· sin(ωst)

+ cos
(π

2
xb

)
·
sin nΔθb

2

sin Δθb

2

· sin
(

ωst +
2π

3

)

+ cos
(π

2
xc

)
·
sin nΔθc

2

sin Δθc

2

· sin
(

ωst −
2π

3

)]
.

(6)

From (6), it can be observed that the high-frequency current
idc f s on the dc link of the three-phase MMC can be eliminated

with the condition of

cos
(π

2
xa

)
·
sin nΔθa

2

sin Δθa

2

= cos
(π

2
xb

)
·
sin nΔθb

2

sin Δθb

2

= cos
(π

2
xc

)
·
sin nΔθc

2

sin Δθc

2

= k (7)

where k can be defined as a coefficient. According to (3),
0 ≤ cos(xjπ/2) ≤ 1 (j = a, b, c). With the different reference
values xa , xb , and xc , the high-frequency current idc f s on the dc
link of the MMC can be eliminated by regulating the phase-shift
angles Δθa , Δθb , and Δθc to satisfy (7).

According to the above analysis, a current ripple elimination
control method is proposed, as shown in Fig. 4. The proposed
control method is implemented in each period of 2π, as shown
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Fig. 14. Measured experimental waveforms under Δθa = Δθb = Δθc =
50◦. (a) Currents iu a (2 A/div), ila (2 A/div), and voltage unm (100 V/div)
of phase A. Time base is 40 us. (b) Currents idc (2 A/div), iu a (2 A/div), iub
(2 A/div), and iu c (2 A/div). Time base is 4 ms. (c) Currents idc (2 A/div), iu a

(2 A/div), iu b (2 A/div), and iu c (2 A/div). Time base is 200 μs.

in Fig. 3. Owing to

0 ≤
sinnΔθj

2

sin Δθj

2

≤ n, (j = a, b, c) (8)

there is a maximum value for k, which can be expressed as

kmax = n · min [cos(xa · π/2), cos(xb · π/2), cos(xc · π/2)] .
(9)

In Fig. 4, a limiter is used to limit the value of k with the
maximum value of kmax . And then, the phase-shifted angles
Δθa , Δθb , and Δθc can be calculated with (7) corresponding to
the different reference values xa , xb , and xc , where a lookup ta-
ble is used to solve for Δθ in the equationy = sin nΔθ

2

/
sin Δθ

2 .
y and Δθ are the input and output values of the lookup table,
respectively. Δθa , Δθb , and Δθc will be used for the carrier

Fig. 15. Measured experimental waveforms under Δθa = Δθb = Δθc =
45◦. (a) Currents iu a (2 A/div), ila (2 A/div), and voltage unm (100 V/div)
of phase A. Time base is 40 μs. (b) Currents idc (2 A/div), iu a (2 A/div), iu b

(2 A/div), and iu c (2 A/div). Time base is 4 ms. (c) Currents idc (2 A/div), iua
(2 A/div), iu b (2 A/div), and iu c (2 A/div). Time base is 200 μs.

waves of phases A, B, and C in each period of 2π, respectively,
so as to eliminate the high-frequency current ripple idc f s on
the dc link of the three-phase MMC.

IV. SIMULATION STUDIES

A three-phase MMC system is modeled with the professional
tool PSCAD/EMTDC, as shown in Fig. 1, whichis used to verify
the proposed current ripple elimination control strategy. The
system parameters are shown in the Appendix.

B. MMCs Without Proposed Control

The performance of the three-phase MMC without proposed
control is shown in Fig. 5. Fig. 5(a), (c), and (e) shows the carrier
waves War1 ∼ War1 0 , Wbr1 ∼ Wbr1 0 , and + for phases A, B,
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Fig. 16. Measured experimental waveforms under Δθa = Δθb = Δθc =
40◦. (a) Currents iu a (2 A/div), ila (2 A/div), and voltage unm (100 V/div)
of phase A. Time base is 40 μs. (b) Currents idc (2 A/div), iua (2 A/div), iu b

(2 A/div), and iu c (2 A/div). Time base is 4 ms. (c) Currents idc (2 A/div), iu a

(2 A/div), iu b (2 A/div), and iu c (2 A/div). Time base is 200 μs.

and C, whose middle-points are phase-shifted by an angle of
2π/3, as shown in Fig. 3. Fig. 5(b), (d), and (f) shows the carrier
waves for phases A, B, and C in a small time scale, which
contains five periods shown in Fig. 3. In addition, each carrier
wave for phases A, B and C is phase-shifted by the same angle
of 22°. The active and reactive power of the MMC system is
500 and 0 kW, respectively. The circulating current suppression
method presented in [16] is used in the MMC. The capacitor
voltages of phase A are shown in Fig. 5(g), which are kept
balanced. The upper and lower arm currents iua and ila of phase
A are shown in Fig. 5(h). The three-phase upper arm currents
iua , iub , and iuc are shown in Fig. 5(i). Owing to the PSC-PWM
method, the 1.15-kHz high-frequency component in the arm
current with the same frequency to that of the carrier wave is
generated, as shown in Fig. 5(k). The ratio of the 1.15-kHz high-

frequency component to the 50-Hz fundamental component in
the arm current is 10.1%. On the dc link of the MMC, a 1.15-kHz
high-frequency current ripple is caused, as shown in Fig. 5(j).
From Fig. 5(l), it can be seen that the peak-to-peak value of the
current ripple is approximately 0.18 per unit.

Figs. 6(a) and 7(a) show the upper arm currents of the MMC
without proposed control under Δθ of 26o and 30o, where the
ratio of the 1.15-kHz high-frequency component to the 50-Hz
fundamental component in the arm current is 7.3% and 4.7%,
respectively. A 1.15-kHz high-frequency current ripple is caused
in the dc-link current idc , and the peak-to-peak value of the high-
frequency current ripple is 0.14 and 0.09 per unit, respectively.

B. MMCs With Proposed Control

The performance of the three-phase MMC with the pro-
posed control is shown in Fig. 8, where the coefficient k is 2.
Fig. 8(a), (c), and (e) shows the carrier waves War1 ∼ War1 0 ,
Wbr1 ∼ Wbr1 0 , and Wcr1 ∼ Wcr1 0 for phases A, B, and C,
whose middle-points are phase-shifted by an angle of 2π/3, as
shown in Fig. 3. Fig. 8(b), (d), and (f) shows the carrier waves
for phases A, B, and C in a small time scale, which contains
five periods shown in Fig. 3. From Fig. 8(a)–(f), it can be seen
that the phase-shifted angles of phases A, B, and C vary in
different periods. The capacitor voltages of phase A is shown
in Fig. 8(g), which is kept balanced. The upper and lower arm
currents iua and ila of phase A are shown in Fig. 8(h). Fig. 8(i)
shows the upper arm current iua , iub , and iuc . The 1.15-kHz
high-frequency component is generated in the arm current, as
shown in Fig. 8(k), and the ratio of the 1.15-kHz high-frequency
component to the 50-Hz fundamental component in the arm cur-
rent is 7.7%. Owing to the proposed current ripple elimination
control, the 1.15-kHz high-frequency current ripple on the dc
link of the MMC is almost eliminated, as shown in Fig. 8(j).
The phase-shifted angles Δθa , Δθb , and Δθc in the proposed
current ripple elimination control are shown in Fig. 8(l), which
will be sampled in each period and used for control in each
period.

Fig. 9 shows the performance of the MMC with the proposed
control under k = 2.5, where the ratio of the 1.15-kHz high-
frequency component to the 50-Hz fundamental component in
the arm current is 9.1%. Based on the proposed control, the
phase-shifted angles Δθa , Δθb , and Δθc are shown in Fig. 9(d),
which will be sampled and applied in each period to eliminate
the 1.15-kHz high-frequency current ripple on the dc link of the
MMC, as shown in Fig. 9(b).

C. Validation With an MMC-Based HVDC System

An MMC-based HVDC system is modeled, as shown in
Fig. 10, where the frequency-dependent phase model is applied
as the simulation model for cables in PSCAD/EMTDC [27].
The HVDC system parameters and the cable data are listed in
the Appendix. In Fig. 10, the MMC 1 is used to keep the dc-link
voltage Vdc constant as 300 kV, and MMC 2 is used to convert
ac to dc and send the power Pg to MMC 1. In the simulation, the
HVDC system works at the rated power. Fig. 11(a)–(c) shows
the cable current idc without the proposed control, where the
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Fig. 17. Measured experimental waveforms under k = 1. (a) Voltages uab (100 V/div), ubc (100 V/div) and currents ia (5 A/div), ib (5 A/div). Time base is
4 ms. (b) Currents iu a (5 A/div), ila (5 A/div), and ia (5 A/div). Time base is 4 ms. (c) Voltages ucau 1 (10 V/div), ucau 2 (10 V/div), uca l1 (10 V/div), and uca l 2
(10 V/div). Time base is 4 ms. (d) Currents iu a (2 A/div), ila (2 A/div), and voltage unm (100 V/div) of phase A. Time base is 40 μs. (e) Currents idc (2 A/div),
iu a (2 A/div), iu b (2 A/div), and iu c (2 A/div). Time base is 4 ms. (f) Currents idc (2 A/div), iu a (2 A/div), iu b (2 A/div), and iu c (2 A/div). Time base is 200 μs.

phase-shifted angles are 34°, 32°, and 30°, respectively. On the
dc link of the HVDC system, the 500-Hz high-frequency cur-
rent ripple is caused. From Fig. 11(a)–(c), it can be seen that the
peak-to-peak value of the current ripple is approximately 0.15,
0.23, and 0.31 per unit, respectively. Fig. 11(d) shows the cable
current idc with the proposed control and k = 2. Obviously, it
can be seen that the 500-Hz high-frequency current ripple on
the dc link is eliminated with the proposed control.

V. EXPERIMENTAL STUDIES

A three-phase MMC prototype was built in the laboratory, as
shown in Fig. 12, where each arm consists of four SMs. The
switches and diodes in each cell are the standard IXFK48N60P
power MOSFETs. A dc power supply (SM 600–10) is used to
support the dc-link voltage. The carrier wave frequency fs is set

as 5 kHz. The experimental circuit parameters are shown in the
Appendix.

A. MMCs Without Proposed Control

The operation of the MMC without proposed control is tested,
where the middle-points of the carrier waves War1 ∼ War4 ,
Wbr1 ∼ Wbr4 , and Wcr1 ∼ Wcr4 for phases A, B, and C are
phase-shifted by an angle of 2π/3, as shown in Fig. 3. Each
carrier wave for phases A, B and C is phase-shifted by the
same angle of 60°. Fig. 13(a) shows the voltages uab , ubc and
the currents ia , ib . The currents iua , ila , and ia are shown
in Fig. 13(b). The capacitor voltages in phases A are shown
in Fig. 13(c), which are kept balanced. Owing to the PSC-
PWM method, a 5-kHz high-frequency component is generated
in the arm current, as shown in Fig. 13(d) and (e). Fig. 13(f)
shows three-phase upper arm currents iua , iub , iuc , and the
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Fig. 18. Measured experimental waveforms under k = 1.5. (a) Currents iu a

(2 A/div), ila (2 A/div), and voltage unm (100 V/div) of phase A. Time base is
40 μs. (b) Currents idc (2 A/div), iu a (2 A/div), iu b (2 A/div), and iu c (2 A/div).
Time base is 4 ms. (c) Currents idc (2 A/div), iu a (2 A/div), iu b (2 A/div), and
iu c (2 A/div). Time base is 200 μs.

dc-link current idc in the small time scale, where the 5-kHz
high-frequency component in the arm current is injected into
the dc link of the MMC and cause the dc-link current ripple.

Figs. 14–16 show the performance of the MMC under the
different phase-shifted angles of 50°, 45°, and 40°, respectively.
It can be seen that, along with the reduction of the phase-shifted
angle, the fluctuation of the generated high-frequency 5-kHz
component in the arm current is increased. A high-frequency
5-kHz current ripple is also caused in the dc-link current idc .

B. MMCs With Proposed Control

The proposed current ripple elimination control is tested.
Fig. 17 shows the performance of the MMC under k = 1.

Fig. 19. Measured experimental waveforms under k = 2. (a) Currents iu a

(2 A/div), ila (2 A/div), and voltage unm (100 V/div) of phase A. Time base is
40 μs. (b) Currents idc (2 A/div), iu a (2 A/div), iu b (2 A/div), and iu c (2 A/div).
Time base is 4 ms. (c) Currents idc (2 A/div), iu a (2 A/div), iu b (2 A/div), and
iu c (2 A/div). Time base is 200 μs.

The voltage and current of the three-phase MMC are shown
in Fig. 17(a) and (b). The capacitor voltages in phase A are
shown in Fig. 17(c). The 5-kHz high-frequency component is
generated in the arm current of the three-phase MMC, as shown
in Fig. 17(d) and (e). Fig. 17(f) shows three-phase upper arm
currents iua , iub , iuc and the dc-link current idc in the small time
scale, where the high-frequency 5-kHz ripple in the dc-link cur-
rent idc is eliminated with the proposed control strategy.

Figs. 18 and 19 show the MMC performance under k = 1.5
and k = 2, respectively. Along with the increase of the coeffi-
cient k, the fluctuation of the 5-kHz high-frequency component
in each arm current is increased. The proposed control strat-
egy can effectively eliminate the 5-kHz high-frequency current
ripple in the dc-link current idc .
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Fig. 20. Measured experimental waveforms including idc (2 A/div), uab

(100 V/div), and ia (5 A/div). (a) Without proposed control and Δθa = Δθb =
Δθc = 40◦. (b) With proposed control and k = 2. Time base is 10 ms.

C. Dynamic Performance of MMCs

The dynamic performances of the three-phase MMC under
the step change of the modulation index from 0.27 to 0.95 are
shown in Fig. 20. Fig. 20(a) shows the results without proposed
control and Δθa = Δθb = Δθc = 40o . Fig. 20(b) shows the
result with the proposed control under k = 2. Owing to the
application of the proposed control, the 5-kHz high-frequency
ripple in the dc-link current idc is eliminated. In the steady state
of Fig. 20(a) and (b), the ripple of the dc-link current idc is 30%
and 9%, respectively.

VI. CONCLUSION

In this paper, a current ripple elimination control strategy
is proposed for the three-phase MMC under the PSC PWM
scheme. A high-frequency component in the arm current with
the same frequency as the carrier wave derived from the PSC
PWM scheme is analyzed. The relationship of the generated
high-frequency current with the reference signal and the carrier
wave’s phase-shifted angle is studied. Through the regulation of
the phase-shifted angle of the carrier waves in the three phase of
the MMC, the caused high-frequency current ripple on the dc-
link of the three-phase MMC can be eliminated. A three-phase
MMC system is modeled and simulated with PSCAD/EMTDC,
and a small-scale three-phase MMC prototype was built in the
laboratory. The simulation and experimental results verify the
proposed current ripple elimination control.

APPENDIX

TABLE III
PARAMETERS OF THE THREE-PHASE MMC SYSTEM

Parameter Value

Active power P (kW) 500
Grid line-to-line voltage (kV) 11
Grid frequency (Hz) 50
Transformer voltage rating 3 kV/11 kV
Transformer leakage reactance 2.5%
DC bus voltage Vd c (kV) 6
Number of SMs per arm n 10
SM capacitance Cs m (mF) 4.7
Arm inductance Ls (mH) 15
Inductance Lf (mH) 4
Resistance Rf (Ω) 0.0157
Carrier frequency fs (kHz) 1.15

TABLE IV
PARAMETERS OF THE HVDC SYSTEM

Parameter Value

Active power P (MW) 400
Grid line-to-line voltage (kV) 380
Grid frequency (Hz) 50
Transformer voltage rating 150 kV/380 kV
Transformer leakage reactance 20%
DC bus voltage Vd c (kV) 300
Number of SMs per arm n 10
SM capacitance C sm (mF) 1.5
Arm inductance Ls (mH) 18
Inductance L f (mH) 6
Resistance Rf (Ω) 0.0157
Carrier frequency fs (Hz) 500

TABLE V
PROPERTIES OF THE CABLE [27]

Thickness Resistivity Rel. Rel.
Layer Material (mm) (Ω ·m) Per-mittivity per-meability

Core copper 22 1.68 × 10−8 - 1
Insulator XLPE 17 - 2.3 1
Sheath Lead 3 2.2 × 10−7 - 1
Insulator XLPE 5 - 2.3 1
Armor Steel 5 1.8 × 10−7 - 10
Insulator PP 4 - 2.1 1

TABLE VI
EXPERIMENTAL CIRCUIT PARAMETERS

Parameters Value

DC power supply Vd c (V) 200
Rated frequency (Hz) 50
Inductance Ls (mH) 3.6
DC capacitor C sm (mF) 2.2
Load inductance Lf (mH) 1.8
Load resistance Rf (Ω) 10
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