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Abstract—To significantly reduce energy storage require-
ments, this article proposes a low-capacitance three-phase series-
connected modular multilevel converter with second harmonic
voltage injection and high capacitor voltage ripples (HR SC-
MMC). The lower limit of the capacitor voltage is reduced by the
second harmonic voltage injection. Based on this new limit, the SM
capacitance can be redesigned, achieving a considerable reduction
through high capacitor voltage ripple operation. The dc value of
the capacitor voltage is slightly reduced to keep the peak capacitor
voltage unchanged. The control and design methods are introduced
to keep the SM capacitor voltage larger than the lower limit within
the full operation range. The comparison results show that the HR
SC-MMC effectively reduces the valve volume and cost, avoids a
significant increase in the total power loss, and keeps the switch
installation capacity and P-Q capability unchanged. Although the
rms current and power loss of SM capacitors are increased, this
may be acceptable, as the capacitor ripple current capability is
underutilized and the increase in total power loss is small compared
to existing methods. The correctness of the theoretical analysis
and the feasibility of the HR SC-MMC are verified via 800-kV
733.3-MW simulations and 300-V 1.6-kW experiments.

Index Terms—Capacitor voltage ripple, HVdc converters,
low capacitance, modular multilevel converter (MMC), second
harmonic voltage injection.

I. INTRODUCTION

THE modular multilevel converter (MMC) has become a
preferred converter topology in high-voltage direct-current

(HVdc) transmission projects, owing to the features of the
modular and scalable structure, low harmonics, and low switch-
ing losses [1], [2], [3]. Due to the physical separation of the
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three-phase arms in MMC, the submodule (SM) capacitors
need to withstand the low-frequency energy variation, which
is dominated by the fundamental and second-order ones [4].
Therefore, the SM capacitor with large capacitance is usually
used in the MMC to limit the capacitor voltage ripple within
an acceptable range. The large SM capacitance considerably
increases the volume and cost of the system, which demands a
proper solution [5].

Research on the energy storage requirement reduction method
of the MMC for HVdc application has been conducted and
reported in the literature [6], [7], [8], [9], [10], [11], [12],
[13], [14], [15], [16], [17], [18], [19], [20], [21], [22], [23],
[24], [25], [26], [27], [28]. These methods can be classified
into five categories: 1) circulating current injection methods, 2)
third-order harmonic voltage injection methods, 3) active power
filter (APF) methods, 4) full bridge SM (FBSM) methods, and 5)
low-capacitance-based methods. The second-order circulating
current can be used to reduce the capacitor voltage ripple and
the SM capacitance. The injection of second-order circulating
current is discussed in [6] and [7] for steady state and in [8]
for SLG fault conditions. The third-order harmonic voltage can
also be used to reduce the SM capacitance by shaping the arm
voltage [9] or reducing the ac side current [10]. The combination
of third-order harmonic and second-order circulating current is
evaluated in [11]. The APF methods implement additional APF
circuits in the SM to provide low-frequency energy variation,
so the capacitance can be considerably reduced. The half-bridge
SM (HBSM) with buck-type APF is investigated in [12]. The
HBSM with symmetrical split-capacitor-type APF method is
proposed in [13] and further investigated in [14]. In [15], the
asymmetrical design is evaluated to further reduce the capaci-
tance of HBSM with split-capacitor-type APF. In [16], the APF
circuit for FBSM is discussed. Based on the negative voltage
states of the FBSM, many methods are proposed to reduce the
energy storage requirement. In [17] and [18], the modulation
index is raised by the FBSM to achieve the energy storage
reduction. In [19] the dc link voltage under reactive power oper-
ation conditions is reduced by the FBSM to achieve the energy
storage reduction. The low-capacitance-based methods realize
the SM capacitance reduction by accepting higher capacitor
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voltage ripples. This method was first proposed in [20] for the
cascaded H-Bridge STATCOM and further improved by third
harmonic voltage and third harmonic currents, respectively, in
[21] and [22]. The low-capacitance MMC is proposed in [23],
in which the SM number is increased to compensate for the
operation range reduction caused by the high capacitor voltage
ripple. In [24], the third-order harmonic voltage is used to limit
the operation range reduction.

However, the injection of the second-order circulating current
and the third-order harmonic voltage leads to a considerable
increase in the converter current rating and output voltage,
respectively. Therefore, the achievable energy storage reduction
is limited. The APF methods and FBSM methods reduce the
energy storage but increase the overall switch capacity and the
power loss of the converter, which further influences the cost and
volume of the system. Moreover, the existing low-capacitance
methods achieve the SM capacitance reduction at the expense of
the reduction in the inductive reactive power operation range of
the converter. Although some new ideas have been proposed
recently, such as the switching-cycle balancing control [25],
the multilevel dc-link converter with single-device modules in
series [26], the Arm Multiplexing MMC [27], and the shared
capacitor MMC [28], they achieve a considerable reduction in
energy storage but may suffer from control complexity, series
of devices, or insulation problems.

Three-phase series-connected MMC (SC-MMC) is proposed
in [29] and [30] as an alternative topology to the conventional
MMC. Under the same power operation range and dc voltage
conditions, the switch capacity, overall arm inductance, and
energy storage requirement of these two converters are the same.
Owing to the series structure, SC-MMC has the potential ad-
vantage in applications like power tapping from existing HVdc
systems, city-infeed, ultra-HVdc transmission, and OFF-shore
wind [31], [32]. With the help of high-current devices like IGCT
[33], [34], the SC-MMC may become a promising solution for
the HVdc application. However, it also requires large energy
storage as the MMC.

Considering the situation above, this article proposes a low-
capacitance SC-MMC with second harmonic voltage injection
and high capacitor voltage ripples for HVdc applications, which
is referred to as the SC-MMC with high-ripple (HR SC-MMC).
Two steps are needed to realize the HR SC-MMC. Step one: the
proposed second harmonic voltage is injected into the arm to
shape the arm output voltage and further reduce the lower limit
of the SM capacitor voltage. The proposed injection reduces
the maximum and minimum values of the arm output voltage
in all operation conditions, without affecting the original dc and
fundamental components in the arm voltage. After the injection,
the lower limit of the SM capacitor voltage is reduced and
additional space for capacitor voltage appears. Step two: this
additional space of capacitor voltage is further utilized to achieve
the volume and cost reduction of the converter. To achieve
a higher reduction, this article proposes to maintain the SM
number and peak value of the capacitor voltage unchanged,
but reduce the SM capacitance, i.e., the high capacitor voltage
ripple operation. The SM capacitor voltage ripple increases as
the capacitance decreases. Then, the dc value of the capacitor

Fig. 1. Structure of the SC-MMC converter. (a) Circuit Architecture. (b)
Structure of SC-MMC per phase and topologies of corresponding submodules,
i.e., the half-bridge submodule and full-bridge submodule.

voltage is also reduced to keep the maximum value of the SM
capacitor voltage unchanged.

A detailed comparison between the existing and the proposed
methods is conducted. Compared to existing methods, the pro-
posed HR SC-MMC has at least one of the following advantages.

1) The energy storage requirement of the converter can be
further reduced, which further reduces the volume and
cost of the converter.

2) The switch installation capacity and SM number remain
unchanged. The significant increase in the total power loss
can be avoided.

3) Since the proposed second harmonic voltage injection
reduces the lower limit of the capacitor voltage, the over-
modulation or operation range reduction caused by the
higher capacitor voltage ripple can be avoided.

The impacts of the proposed method on the rms current, power
loss, and temperature rise of the SM capacitor are also analyzed.
Although the rms current and power loss of SM capacitors are
increased, this may be acceptable, as the capacitor ripple current
capability is underutilized and the increase in total power loss is
small compared to existing methods.

II. PRINCIPLE OF PROPOSED HR SC-MMC

A. Circuit Architecture

The circuit diagram of the SC-MMC is shown in Fig. 1. It is
composed of three single-phase MMCs connected in series, and
the ac side of each MMC is connected to the secondary winding
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of one single-phase transformer. The primary windings of the
three single-phase transformers are connected to the utility grid
with a delta connection.

The structure of each single-phase MMC is shown in Fig. 1(b).
It consists of four arms, each of which is built from N submodules
and one arm inductor. The output voltages of four arms are
referred to as uj1, uj2, uj3, and uj4, respectively, where j = A, B,
and C represent phase A, B, and C. SC-MMC can be realized
by various kinds of SMs [1]. For simplification, this article just
takes HBSM and FBSM as examples.

Two steps are needed to realize the proposed HR SC-MMC,
which are the proposed second harmonic voltage injection and
high capacitor voltage ripple operation. The details are explained
as follows.

B. Proposed Second Harmonic Voltage Injection

Step one: the proposed second harmonic voltage is injected
into the arm to shape the arm output voltage. It aims to reduce
the maximum and minimum values of the arm output voltage
without affecting the original dc and fundamental components so
that the lower limit of the SM capacitor voltage can be reduced.
To achieve this goal, the phase angle of the injected second
harmonic voltage is fixed to π. Then, the output voltages of the
four arms in phase j can be written as follows:{

uj1 = uj4 = Udc/6− uvj/2 + u2nd,j

uj2 = uj3 = Udc/6 + uvj/2 + u2nd,j
(1)

where j = A, B, C, uvj is the ac output voltage and u2nd,j is
the injected second harmonic voltage of phase j and they can be
expressed as

uvj = Uv cos (ωt+ θj) u2nd,j = Uh cos (2 (ωt+ θj) + π)
(2)

θj is the phase angle of output voltage. Uv and Uh are the am-
plitudes of the ac output voltage and injected second harmonic
voltage, respectively. Then, the maximum value of (1) can be
solved as

max (uj1) = max (uj2) = max (uj3) = max (uj4)

=

{
Udc/6 + Uv/2− Uh, whenUh ∈ [0, Uv/8]
Udc/6 + Uv

2
/
(32Uh) + Uh,whenUh ∈ (Uv/8,∞) .

(3)

And the minimum value of (1) can be solved as

min (uj1) = min (uj2) = min (uj3) = min (uj4)
= Udc/6− Uv/2− Uh.

(4)

It can be observed that the maximum and minimum values of
the four arms are the same and reduced with the increase of Uh.
Thus, the arm output voltage can be shaped by the proposed
second harmonic voltage injection, achieving maximum and
minimum value reduction without influencing the original dc
and fundamental components. The waveforms of the arm output
voltage under different shaping conditions are shown in Fig. 2,
where Uv is set as 0.85 × Udc/6 as an example.

According to the symmetry of the three-phase ac output
voltage and injected second harmonic voltage, the simplified
circuit of HR SC-MMC can be obtained in Fig. 3. In each phase,

Fig. 2. Waveforms of the arm output voltage under different shaping condi-
tions. (a) Without shaping. (a) Shaping by 7.5% second harmonic voltage. (a)
Shaping by 15% second harmonic voltage.

Fig. 3. Equivalent circuit of HR SC-MMC. (a) Equivalent circuit of HR SC-
MMC per phase. (b) DC-side equivalent circuit of HR SC-MMC.

the second harmonic voltages in the four arms are arranged in
the same direction, as shown in Fig. 3(a). Therefore, the second
harmonic voltage is automatically cancelled out on the ac side.
Although the second harmonic voltage will appear on the dc
side of each phase with twice amplitude (2u2nd,j), it can be
further cancelled out on the dc side of the SC-MMC, as shown
in Fig. 3(b).

Thus, the proposed second harmonic voltage injection can
shape all arm output voltages of the SC-MMC similarly and
avoid affecting the ac or dc sides of the SC-MMC.

Assuming the SM is well balanced, the SM output voltage and
capacitor voltage after the proposed second harmonic voltage
injection can be shown in Fig. 4(a). The maximum SM output
voltage, which is proportional to the arm output voltage, is
reduced after the proposed harmonic injection. Therefore, the
lower limit of the SM capacitor voltage is reduced and addi-
tional space for capacitor voltage appears after the proposed
harmonic component injection, as shown in Fig. 4(a). Although
the injected voltage may cause the capacitor ripple power to
increase under some operation conditions, the increase is minor
because the amplitude of the injected second harmonic voltage
is relatively lower.

C. High Capacitor Voltage Ripple Operation

Step two, this additional space of capacitor voltage provided
by the proposed second harmonic voltage injection can be fur-
ther utilized to reduce the energy storage of the converter and
further achieve volume and cost reduction. The energy storage
of converter E can be expressed as

E = 12N × 1/2CU2
c,peak (5)
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Fig. 4. SM output voltage and SM capacitor voltage of NR SC-MMC and HR
SC-MMC. (a) Step one: SC-MMC only with proposed second harmonic voltage
injection. (b) Step one and two: SC-MMC with proposed second harmonic
voltage injection and high capacitor voltage ripple operation, i.e., HR SC-MMC.

where C is the capacitance, Uc,peak is the peak value of the
capacitor voltage, and N is the SM number per arm.

It can be seen from (5) that there are various approaches to
utilize this additional capacitor voltage space, such as reducing
SM number N, reducing the peak capacitor voltage Uc,peak, or
increasing the capacitor voltage ripple by reducing the capaci-
tance C. To achieve a higher reduction of the converter volume,
this article proposes to maintain the SM number N and peak
value of the capacitor voltage Uc,peak unchanged, but reduce
the capacitance C, i.e., the high capacitor voltage ripple opera-
tion. As shown in Fig. 4(b), after the capacitance C reduction,
the capacitor voltage ripple is increased from Δucap(NR) to
Δucap(HR). To keep the peak value of the SMs capacitor voltage
Uc,peak unchanged, the dc value of the SMs capacitor voltage
should be reduced from Ucap(NR) to Ucap(HR).

As a result, the additional space for capacitor voltage provided
by the proposed second harmonic injection is fully utilized
to achieve the capacitor voltage ripple increase and capaci-
tance reduction, comparing Fig. 4(a) and (b). Owing to the
proposed second harmonic injection, the original dc and fun-
damental components of the arm voltage remain unchanged.
Therefore, the converter can achieve normal operation with
lower SM capacitance, avoiding overmodulation, SM number
increase, or the operating range reduction in existing high-ripple
methods.

For simplicity, the SC-MMC operating with an upper limit
of 10% ripple rate hereafter is referred to as the SC-MMC with
normal-ripple (NR SC-MMC).

Fig. 5. Equivalent circuit of SC-MMC connected to a grid.

III. ANALYSIS AND EVALUATION OF HR SC-MMC

For an SC-MMC connected to a power grid, the amplitude of
the fundamental component in the arm voltage changes with the
power factor angle, thereby influencing the proposed harmonic
injection. In this section, the amplitude of the injected second
harmonic voltage Uh under different power factor angles and
the SM capacitor voltage in HR SC-MMC is derived. Then,
the capacitor voltage ripple rate is redesigned based on the new
lower limit of the capacitor voltage. The energy storage, cost,
and volume of the converter are further evaluated.

A. Analysis of the Arm Voltage and Current

For an SC-MMC connected to a power grid, the equivalent
circuit is illustrated in Fig. 5. According to [23], by ignoring
the vertical component of the voltage drop across the inductor
X, the amplitude of the converter ac output voltage Uv can be
expressed as

Uv ≈
√
2USN [1 +XpuIv_pu sin (−ϕ)] (6)

where USN is the nominal grid rms voltage,ϕ is the power factor
angle, Xpu and Iv_pu are the per-unit values of the interface
inductance and the output current, respectively, which can be
expressed as

Xpu = X/(USN/IN) Iv_pu = Iv/IN (7)

where IN is the nominal rms current. As shown in (6), Uv is
changing with the power factor angleϕ, thereby the amplitude of
the second harmonic voltage Uh should change correspondingly.
As shown in Fig. 4, the additional space for capacitor voltage
is limited by the lower limit of the SM output voltage. The per-
unit value of the SM output voltage’s lower limit is defined as
umin, which is influenced by the operating margin and the FBSM
number in the arm.

To fully utilize the voltage margin of the arms, the minimum
value of the arm output voltage is controlled to be equal to
the lower limit under all operation conditions, i.e., (4) equals
umin × Udc/3. Then, the amplitude of second harmonic voltage
Uh under different power factor angles ϕ can be derived as

Uh = (0.5− 0.5Uv/(Udc/3)− umin) (Udc/3) . (8)

Defining the modulation index of fundamental component ma

and second harmonic voltage mh as follows:

ma = Uv/(Udc/3)mh = Uh/(Udc/3). (9)

Then, (8) can be derived as

mh = 0.5− 0.5ma − umin. (10)

The amplitude of the injected second harmonic voltage Uh is
influenced by the power factor angle and the umin. It reaches the
minimum and maximum value under rated capacitive reactive
power and rated inductive reactive power operation, respectively.
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B. Analysis of the SM Capacitor Voltage

The SM capacitor voltage in the HR SC-MMC is analyzed
below. The SM capacitor voltage consists of dc and ripple
components. For the dc component, a factor kh is defined to
indicate the reduction of the dc value of capacitor voltage, which
is expressed as follows:

kh =
Ucap(NR)

Ucap(HR)
=

1 + εHR

1 + εNR
(11)

where Ucap(NR) and Ucap(HR) are the dc values of the capacitor
voltage of the NR SC-MMC and HR SC-MMC, respectively.
The εNR and εHR are the capacitor voltage ripple rates of the
NR SC-MMC and HR SC-MMC, respectively, which are defined
as

εNR =
max

∣∣Δucap(NR)

∣∣
Ucap(NR)

εHR =
max

∣∣Δucap(HR)

∣∣
Ucap(HR)

(12)

where Δucap(NR) and Δucap(HR) are the capacitor voltage rip-
ples of the NR SC-MMC and HR SC-MMC, respectively. Then,
the following relationship can be obtained:

Udc/3 = NUcap(NR) = khNUcap(HR) (13)

where N is the SM number per arm. Taking the SM of the A1
arm as an example, the output voltage and current of the A1 arm
can be expressed as

iA1 = 0.5Idc + 0.5ivA (14)

uA1 = Udc/6− Uv cos (ωt)/2− Uh cos (2ωt) (15)

where the Idc is the dc side current and the ivA is the output
current of phase A, they can be expressed as

Idc = 0.5ma

√
2IvA cos (ϕ) ivA =

√
2IvA cos (ωt+ ϕ) (16)

where the IvA is the rms value of the output current. Combining
(9), (13), and (15), the average switching function of A1 arm
SA1 can be derived as

SA1_av =
uA1

NUcap(HR)

=
kh
2

[1−ma cos (ωt)− 2mh cos (2ωt)] . (17)

Then, the capacitor current icap,A1 can be derived as

icap,A1 = iA1SA1_av

=
√
2khIa
8

⎛
⎜⎜⎝
2 cos (ωt+ ϕ)−m2

a cos (ϕ) cos (ωt)
−2mh cos (ωt− ϕ)−ma cos (2ωt+ ϕ)
−2mhma cos (ϕ) cos (2ωt)
−2mh cos (3ωt+ ϕ)

⎞
⎟⎟⎠ .

(18)
The capacitor voltage ripple can be derived as

ũcap,A1 =

∫
icap,A1dt

Csm
=

kh
ω

√
2IN

8Csm
IvA_pufr(HR) (ωt) (19)

fr(HR) (ωt)

=

⎛
⎝2 sin (ωt+ ϕ)−m2

a cos (ϕ) sin (ωt)
−2mh sin (ωt− ϕ)−mhma cos (ϕ) sin (2ωt)

−1/2ma sin (2ωt+ ϕ)− 2/3mh sin (3ωt+ ϕ)

⎞
⎠

(20)

where fr(HR) is defined as the ripple waveform function of the
HR SC-MMC. If the SM capacitor voltage ripple rate is limited

Fig. 6. Flowchart for obtain the maximum SM capacitor voltage ripple rate
εHR,max.

to a given value of εHR, the SM capacitance Csm(HR) should be
chosen to fulfill the following equation:

εHR =

kh

ω

√
2IN

8Csm(HR)
max

(
fr(HR) (ωt)

)
Ucap(HR)

. (21)

Then, substituting (21) into (19), the capacitor voltage ripple
can be further expressed as

ũcap,A1 =
εHRUcap(HR)

max
(
fr(HR) (ωt)

)IvA_pufr(HR) (ωt) . (22)

C. Redesign of the Capacitor Voltage Ripple Rate

The capacitor voltage ripple rate is increased to εHR in the
HR SC-MMC to achieve energy storage reduction. However,
the excessive increase in εHR will lead to overmodulation and
reduce the operation range. Therefore, the maximum value of
εHR, i.e., the maximum capacitor voltage ripple rate εHR,max, is
evaluated considering the lower limit of the capacitor voltage.

In essence, the lower limit of the capacitor voltage is to ensure
the full power range operation can be achieved without causing
overmodulation. That is, the SM capacitor voltage must always
be greater than the SM output voltage at any given instant. Thus,
the voltage difference between the capacitor voltage and output
voltage of the SM in the A1 arm is calculated and further pre-
united to Ucap(HR). The resultΔUA1pu can be shown as follows:

ΔUA1pu =

(
1 + εHRIvA_pufr(HR) (ωt)

/
max

(
fr(HR) (ωt)

)
−kh/2 (1− 2mh cos (2ωt)−ma cos (ωt))

)
.

(23)
To meet the lower limit of the capacitor voltage, the ΔUA1pu

≥ 0 should be satisfied. The minimum value of ΔUA1pu under
different t and ϕ can be solved by the numerical method and
labeled as ΔUA1pu,min

ΔUA1pu,min = min
ϕ∈[−π,π]

[
min

t∈[0,0.02]
[ΔUA1pu]

]
. (24)

The ΔUA1pu,min is related to IvA_pu, εHR, and umin. The
IvA_pu corresponds to ϕ on the boundary of the P-Q capability
curve, which indicates the operation range of the converter.
In this article, the full power operation range is chosen as an
example. Thus, IvA_pu is set to 1 as a constant. Finally, the
εHR,max under different umin can be obtained by the flowchart
shown in Fig. 6.

Fig. 7(a) displays the result of the εHR,max when the umin

changes, with Xpu= 0.1 and m0=�2USN/(Udc/3)= 0.85. It can
be observed that when umin declines, εHR,max rises and exceeds
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Fig. 7. Waveforms of the maximum SM capacitor voltage ripple rate εHR,max

and the normalized energy storage Er with the change of the umin in HR SC-
MMC. (a) Curve of εHR,max. (b) Curve of Er.

10%. The εHR,max reaches 14.78% when umin equals 0.05. The
capacitor voltage ripple rate of HR SC-MMC εHR should not be
higher than εHR,max and εHR = εHR,max is chosen in the article
as an example.

D. Evaluation of Energy Storage Reduction

After obtaining the εHR, the normalized energy storage Er of
the HR SC-MMC per unit to the NR SC-MMC can be derived.
According to (21), the SM capacitance of the proposed HR SC-
MMC Csm(HR) can be expressed as

Csm(HR) =
kh
ω

√
2IN

8εHRUcap(HR)
IvA_pu max

(
fr(HR) (ωt)

)
.

(25)
The SM capacitance of NR SC-MMC Csm(NR) can be ob-

tained similarly by changing εHR to εNR and mh to zero. Then,
the energy storage of two converters can be calculated by (5).
Due to the SM number N and peak value of the capacitor voltage
Uc,peak remains unchanged in the HR SC-MMC, the normalized
energy storage Er can be further derived as

Er =
EHR

ENR
=

Csm(HR)

Csm(NR)
= k2h

εNR

εHR

max
(
fr(HR) (ωt)

)
max

(
fr(NR) (ωt)

) (26)

where fr(NR) is the ripple waveform function of the NR SC-
MMC. It can be expressed as

fr(NR) (ωt) =

(
2 sin (ωt+ ϕ)−m2

a cos (ϕ) sin (ωt)
− (ma/2) sin (2ωt+ ϕ)

)
.

(27)
The curve of Er following the change of umin is illustrated

in Fig. 7(b). The Er decreases with umin. When umin equals
0.05, εHR,max reaches 14.78%, and the energy storage of HR
SC-MMC reduces to 72.97% of that in NR SC-MMC.

E. Evaluation of the Cost and Volume Reduction

The cost and volume of the SM can be evaluated from the
perspectives of the capacitor and semiconductor valve. In the NR
SC-MMC, the proportion that the capacitor accounts for the total
cost and volume of the SM is defined as α and β, respectively.
Therefore, the semiconductor valve accounts for the total cost
and volume of the SM are 1–α and 1–β, respectively. The values

Fig. 8. Waveforms of the cost and the volume with the change of the umin in
HR SC-MMC. (a) Curves of cost. (b) Curves of volume.

of α and β may vary within a certain range for different designs
and applications [23]. In this article, the cases of α = 0.3,
0.4, and 0.5 are considered for the cost evaluation, and β = 0.6,
0.7, and 0.8 are considered for the volume evaluation. The cost
and volume of the NR SC-MMC are set to 1.0 p.u. and the values
of the HR SC-MMC are normalized to the NR SC-MMC for
better understanding. The cost and volume of the capacitor are
assumed to be proportional to the nominal energy storage Er of
the converter. The cost and volume of the semiconductor valve
are assumed to be proportional to the switch installation capacity
Ssw of the converter, which can be calculated by multiplying the
overall voltage stress and the current stress of the switches in
the converter.

It should be noticed that when the umin is lower than zero in
the HR SC-MMC, the minimum value of the arm output voltage
becomes negative. Then, some HBSM should be replaced by
FBSM to provide the negative output voltage. The replacement
ratio can be expressed as follows:

kFB =
NFB

N

=

{
0, umin ≥ 0
−uminUcap(NR)

/
Ucap(HR) = −uminkh, umin < 0

(28)

where NFB is the number of FBSMs. Therefore, the per-unit
values of the cost and volume of the HR SC-MMC can be
calculated as follows:

ηcost(HR) = αEr + (1− α)Ssw = αEr + (1− α) (1 + kFB)
(29)

ηvol(HR) = βEr + (1− β)Ssw = βEr + (1− β) (1 + kFB) .
(30)

In HR SC-MMC, the normalized energy storage can be de-
creased to Er and the normalized switch installation capacity
increased to (1 + kFB). The curves of the cost and volume of
the HR SC-MMC following the change of umin are illustrated
in Fig. 8. It can be seen that when umin is lower than zero,
the volume cannot be further reduced and the cost will be
considerably increased. Therefore, the umin is chosen as 0.05 in
the rest of this paper. When umin = 0.05, α = 0.4, and β = 0.7,
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TABLE I
COMPARISON OF THE CAPACITANCE REDUCTION METHODS FOR SC-MMC

the cost of HR SC-MMC can be reduced to 0.89 p.u. and the
volume of HR SC-MMC can be reduced to 0.81 p.u.

IV. COMPARISON WITH OTHER CAPACITANCE REDUCTION

METHODS

To justify the advantage of the proposed method over other
capacitance reduction methods, a detailed comparison is per-
formed based on a 733.3 MVA/800 kV condition. The entire
power factor range is considered and all methods can output
full active and reactive power. The comparison is performed in
terms of energy storage, switch installation capacity, volume
and cost of valve, SM capacitor design, and power loss. The rms
value of SM capacitor current, power loss of all SM capacitors,
and temperature rise of the SM capacitor are considered. The
power losses of switching devices and the converter are also
investigated. The detailed comparison results are summarized in
Table I. All per-unit numbers are normalized to the benchmark.
For the proposed method, the umin is set to 0.05 as an example.

A. Comparison Processes

Based on different methods, the SC-MMC has different SM
numbers, capacitances, and rated capacitor voltages. Therefore,
the energy storage requirement defined in (5) is used to evaluate
the total capacitor usage, and the per-unit results are shown in
Table I. According to Fig. 7(b), the nominal energy storage
requirement of the proposed method can be reduced to 0.73
when umin is set to 0.05.

TABLE II
PARAMETERS OF THE CAPACITOR ELEMENT

The switch investment is mainly determined by the switch
installation capacity. By multiplying the overall voltage stress
and current stress of the switches, the switch installation capacity
of different methods can be obtained. When umin is set to 0.05,
the overall voltage stress and current stress remain unchanged
in the proposed method.

The valve volume and cost of the different methods can be
estimated by (29) and (30), which are directly influenced by
the nominal energy storage and the nominal switch installation
capacity. In this comparison,α= 0.4 andβ= 0.7 are considered.
The valve volume and cost of the proposed method can be
calculated as (0.7 × 0.73 + 0.3 = 0.81) and (0.4 × 0.73 +
0.6 = 0.89), respectively.

The SM capacitors for different methods are designed and
compared as follows. The SM capacitor consists of NS and NP

capacitor elements in series and parallel to meet the voltage and
capacitance requirements. The Cornell Dubilier metallized film
capacitor with part number 947D771K122DLRSN (Type 947D)
is chosen as the capacitor element. Its parameters are shown
in Table II according to [35]. As the maximum SM capacitor
voltage is the same in all methods, all NS equals 2. Whereas,
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the NP is proportional to the normalized SM capacitance. In
the proposed method, the normalized SM capacitance equals
normalized energy storage. Thus, NP of the proposed method
can be calculated as (round(29 × 0.73) = 21). Then, the rms
current limit of SM capacitor Icap,limit under different methods
can be further calculated as NP × Irms, where Irms is the
ripple current limit of elements. The NP and Icap,limit for other
methods are calculated and listed in Table I.

The rms values of SM capacitor current Icap for different
methods at typical operating conditions are obtained through
the simulation, and the results are summarized in Table I. It can
be seen that although the rms current limit of the SM capacitor
is reduced due to the capacitance reduction, it still meets the
operation requirements, i.e., Icap,limit > Icap.

Then, the power losses of all SM capacitors can be calculated
as follow according to [36]:

Ploss,cap = 12N

Nh∑
h=1

[
NS

NP
RESR (fh)× [Icap (fh)]

2

]
(31)

where Icap(fh) is the rms value of the ripple current at frequency
fh and RESR(fh) is the capacitor element’s equivalent series
resistance (ESR) at frequency fh. The Icap(fh) is obtained by
the simulation results and the RESR(fh) can be calculated by

RESR (fh) = RESR (10k)−A/10k +A/fh (32)

where A is 31.83 and RESR(10k) is 2.1 mΩ based on the data
form [35]. After obtaining the power losses of all SM capacitor
Ploss,cap, the temperature rise of the SM capacitor ΔTcore can
be calculated as

ΔTcore = Ploss,cap (Rthcc +Rthca)/(12N ×NP ×NS) (33)

where the Rthcc and Rthca are the thermal resistance from
core-to-case and case-to-ambient, respectively. The results of
Ploss,cap and ΔTcore are listed in Table I.

Finally, the power losses of the switches Ploss,sw for different
methods at typical operating conditions are obtained through
the simulation based on [37]. The Infineon 3300 V/2400 A
FZ2400R33HE4 IGBT module is selected as the switch for all
SMs in the comparison. The power losses of the converter Ploss

can be calculated by adding Ploss,sw and Ploss,cap. The results
are summarized in Table I.

B. Discussions

Based on Table I, the switch installation capacity is reduced
in the modulation index increase method. However, the values
of the circulating current control, the existing high voltage ripple
method, and the variable dc voltage method are increased due
to the injected current, the additional HBSMs, and the required
FBSMs, respectively. The value of proposed method is same as
the benchmark.

The volume of the proposed method is reduced by 5.81%,
4.02%, and 11.75% compared to the modulation index increase,
the circulating current control, and the variable dc voltage meth-
ods, respectively, and is comparable to that of the existing high
voltage ripple method. Meanwhile, the cost of the proposed
method is reduced by 14.23%, 3.92%, and 23.63% compared
to circulating current control, the existing high voltage ripple,

Fig. 9. Overall control diagram of HR SC-MMC.

and variable dc voltage methods, respectively, and is similar to
the cost of the modulation index increase method.

The rms current, power loss, and temperature rise of SM
capacitors are further increased in the proposed method. The
overheating may influence the lifetime of the capacitor, which
should be considered in practical applications. However, the
SM capacitor usually needs to be large enough (capacitance)
to constrain the voltage ripple, while having sufficient ripple
current capability to avoid overheating [5]. Thus, increasing the
rms current and the power loss of the capacitor to trade for the
capacitance reduction may be acceptable [38].

As the rated capacitor voltage decreases, the power loss of the
switching devices in the proposed method decreases slightly.
The total power loss of the proposed method only increases
in rated inductive reactive power operation, from 0.4105% to
0.4147%, compared to the benchmark due to the higher SM
capacitor losses and lower switching device losses.

To summarize, although the circulating current control, ex-
isting high voltage ripple, and variable dc voltage methods
can achieve higher energy storage reduction than the proposed
method, the increasing switch installation capacity limits the
volume and cost reduction and further causes higher power
loss. The modulation index increase method can reduce both
energy storage and power loss, but the energy storage reduction
is limited, and an additional ac side filter is needed for SC-MMC.
In contrast, the proposed method effectively reduces the valve
volume and cost, avoids a significant increase in the total power
loss, and keeps the switch installation capacity and P-Q capabil-
ity unchanged. Although the rms current and power loss of SM
capacitors are increased, this may be acceptable, as the capacitor
ripple current capability is underutilized and the increase in total
power loss is small compared to existing methods.

V. CONTROL ALGORITHM

The operation of the proposed HR SC-MMC relies on
an effective control algorithm. A general control scheme is
developed in this article, as shown in Fig. 9, which consists
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Fig. 10. Simulation results of NR SC-MMC and HR SC-MMC under different steady-state operation conditions. (a) Rated capacitive reactive power output
condition. (b) Rated active power output condition. (c) Rated inductive reactive power output condition.

Fig. 11. FFT results of NR SC-MMC and HR SC-MMC under different
steady-state operation conditions. (a) FFT results of AC side current in NR
SC-MMC. (b) FFT results of AC side current in HR SC-MMC. (c) FFT results
of arm output voltage in NR SC-MMC. (d) FFT results of arm output voltage in
HR SC-MMC.

of power control, current control, SM capacitor voltage con-
trol, second harmonic voltage reference generation, and second
harmonic voltage control.

To realize the operation of HR SC-MMC under normal and
unbalanced ac grid conditions, the power control and current
control methods based on positive, negative, and zero sequence
control in [30] are used. In the dq synchronous reference frame,
the positive-sequence current reference i+∗

vdq is generated ac-
cording to the required ac-side active and reactive power. The
negative-sequence current reference i−∗

vdq is set to zero to keep
the grid current balanced. The zero-sequence current reference
i0∗vdq is set to balance the unbalanced power input from the ac
grid.

The SM capacitor voltage control balances the voltage of each
SM and further adjusts it to the target value, which can be further
divided into overall capacitor voltage control, phase capacitor
voltage control, arm capacitor voltage control, and individual
capacitor voltage control. It is similar to the control in MMC
[39].

The second harmonic voltage in the phase arm should be
controlled to decrease the maximum value of the arm output
voltage. In balance ac grid condition, based on (2), (8), and
(9), the second harmonic voltage reference in dq synchronous

Fig. 12. Simulation results of HR SC-MMC under the single line-to-ground
fault on the grid side. (a) Three-phase voltages at the grid side of transformers. (b)
Three-phase currents at the grid side of transformers. (c) Three-phase voltages
at the converter side of transformers. (d) Three-phase currents at the converter
side of transformers. (e) Output voltage and summed capacitor voltage of A1
arm. (f) Output voltage and summed capacitor voltage of B1 arm. (g) Output
voltage and summed capacitor voltage of C1 arm.
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Fig. 13. Photograph of the experimental platform.

reference frame u−∗
h,dq can be generated as[

u−∗
h_d

u−∗
h_q

]
= −Udc

3

[
0.5− 0.5M0

(
1−Xpui

+
vq

)− umin
] [1

0

]

(34)
where i+vq is equal to the IvA_pu× sin(ϕ). Under the unbalanced
ac grid condition, the second harmonic voltage reference should
be generated based on the maximum amplitude of the converter
phase output voltage[

u−∗
h_d

u−∗
h_q

]
=−Udc

3

[
0.5− 0.5

max (Uva, Uvb, Uvc)

Udc/3
− umin

] [
1
0

]

(35)
where the Uva, Uvb, and Uvc are the estimated amplitudes of the
converter’s three-phase output voltage. They can be calculated
by the positive and negative sequence voltage of the grid (u+sdq,
u−sdq) as well as the positive and zero sequence current (i+vdq,
i0vdq). Detailed calculations of Uva, Uvb, and Uvc are listed in the
appendix. After the reference generation, the second harmonic
voltages in the converter are measured from the dc side of each
phase and further controlled in the dq synchronous reference
frame to follow the reference value u−∗

h,dq.

VI. SIMULATION VERIFICATION

A. Simulation Results

To verify the effectiveness of the proposed method,
an 800 kV/733.3 MW SC-MMC is simulated in MAT-
LAB/Simulink. The structure of the simulated SC-MMC is
shown in Fig. 1. The ac side of the SC-MMC is connected
to an equivalent three-phase ac voltage source, and the dc
side is connected to an equivalent dc voltage source. Both the
parameters of the NR SC-MMC and HR SC-MMC are designed,
summarized, and compared in Table III.

Fig. 10 shows the simulation results of NR SC-MMC and
HR SC-MMC under different steady-state operation conditions.
Fig. 10(a) illustrates the simulation results of outputting a rated
capacitive reactive power. The waveform of the single SM
capacitor voltage in the A1 arm is shown in the top figure. It can
be seen that the dc value of the capacitor voltage is decreased

TABLE III
CIRCUIT PARAMETERS OF THE SIMULATION MODEL

and the ripple rate is increased in the HR SC-MMC. And the
peak capacitor voltage of the HR SC-MMC is the same as that
of the NR SC-MMC. The waveforms of the summed capacitor
voltages of all the SMs in the A1 arm and the output voltage
of the A1 arm are shown in the middle figure. In this condition,
the arm output voltage is in phase with the capacitor voltage
ripple. Due to the minimum value of the arm voltage in NR
SC-MMC being 8.59 kV, which is lower than the designed
constant umin × Udc/3 = 0.05 × 800 kV/3 = 13.3 kV, a small
part of the second harmonic voltage is reversely injected into the
arm output voltage to increase the minimum value of the arm
voltage in HR SC-MMC. The waveforms of the arm current in
HR-MMC and NR-MMC are shown in the bottom figure. The
higher capacitor voltage ripple does not influence the control
accuracy of the arm current.

Fig. 10(b) illustrates the simulation results of outputting a
rated active power. Similarly, the decrease in the dc capacitor
voltage and the increase in the ripple rating are realized. In this
condition, the second harmonic voltage with a higher amplitude
is injected to reduce the maximum and minimum values of the
arm output voltage in HR SC-MMC. After the injection, the
minimum value of the arm output voltage is decreased from
19.51 kV to 13.02 kV, which equals the designed constant
umin × Udc/3 = 13.3 kV. Meanwhile, the maximum value of the
arm output voltage is also reduced from 247.34 kV to 240.87 kV,
avoiding the overmodulation caused by the high capacitor volt-
age ripple. The result is consistent with the theoretical analysis
and the higher capacitor voltage ripple also does not influence
the arm current.

Fig. 10(c) illustrates the simulation results of outputting a
rated inductive reactive power. In this condition, the capacitor
voltage ripple is opposite to the phase angle of the arm output
voltage, and the second harmonic voltage with a considerable
amplitude is injected in HR SC-MMC. After the injection, the
minimum value of the arm output voltage is decreased from
31.23 kV to 13.453 kV, which equals the designed constant
umin × Udc/3 = 13.3 kV. And the maximum value of the arm
output voltage is also reduced from 235.18 kV to 217.38 kV,
effectively avoiding the overmodulation caused by the high
capacitor voltage ripple. The arm current remains unaffected.

Under all operation conditions, the minimum arm output
voltage is controlled around the designed constant. Meanwhile,
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Fig. 14. Experiment results of HR SC-MMC under different steady-state operation conditions. (a) Rated capacitive reactive power output condition. (b) Rated
active power output condition. (c) Rated inductive reactive power output condition.

owing to the proposed second harmonic voltage injection, the
SM capacitance reduction does not cause overmodulation or the
operation range reduction within the full operation range, which
is consistent with the theoretical analysis. Furthermore, the fast
fourier transform (FFT) results of the ac side current and the arm
output voltage are obtained and shown in Fig. 11. The harmonic
components of the ac side current are relatively small and meet
the IEEE 519-2022 standard. Meanwhile, the FFT results of the
arm output voltage are consistent with the theoretical analysis.

Fig. 12 illustrates the simulation results of HR SC-MMC
under the single line-to-ground (SLG) fault on the grid side.

At 0.305 s, a SLG fault occurs on the A phase of the ac grid.
Fig. 12(a) and (b) shows the three voltages and currents at the
grid side of the transformers. It can be seen that the grid-side
currents can remain balanced during the fault. Fig. 12(c) and (d)
shows the three voltages and currents at the converter side of the
transformers. As the SLG fault causes double-phase voltage sag
at the converter side of transformers, the current magnitudes of
the two phases with voltage sag will be increased to maintain
the balanced active power input of each phase, as shown in
Fig. 12(d). The output voltage and summed capacitor voltage
of the A1 arm, B1 arm, and C1 arm are shown in Fig. 12(e), (f),
and (g), respectively. It can be seen that the HR SC-MMC can
remain in normal operation under the SLG fault condition.

VII. EXPERIMENTAL VERIFICATION

To further verify the effectiveness of the proposed method,
a downscaled prototype has been constructed in a laboratory,
as shown in Fig. 13. The detailed circuit parameters are listed
in Table IV. Carrier phase-shift modulation is employed in the
experiments, and the carrier frequency is set to 10 kHz. The
dc side of the converter is connected to a programmable dc
voltage source, and the ac side of the converter is connected to
a regenerative grid simulator. The dc voltage source is operated
in constant dc mode, and the HR SC-MMC is set to control the
active and reactive power. Experimental results are shown in
Figs. 14 –16.

Fig. 14(a) shows the steady-state experiment waveforms of the
HR SC-MMC when outputting rated capacitive reactive power.
The capacitor voltages of the two SMs in the A3 arm are shown in
channels 1 and 2, respectively. The dc value of the capacitor volt-
age decreases to 47.9 V and the peak capacitor voltage reaches

Fig. 15. Experiment results of HR SC-MMC under a transient-state operation
condition when reference active power is stepped from 0.3 p.u to 0.9 p.u.

Fig. 16. Experiment results of HR SC-MMC under the SLG fault on the grid
side. (a) Three-phase ac phase-neutral voltages at the gird side of transformer
and the SM capacitor voltage of the A3 arm. (b) Three-phase gird current and
output voltage of the B3 arm.
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TABLE IV
CIRCUIT PARAMETERS OF THE EXPERIMENTAL SETUP

approximately 55 V. Therefore, the capacitor voltage ripple is
14.82%. The arm voltage of the A3 arm is shown in channel 3,
and it is further filtered by the math function in the oscilloscope to
observe the low-frequency components. The low-pass filter with
a cut-off frequency of 7 kHz is implemented, and the result is
shown in channel M of the oscilloscope. As is consistent with the
simulation, the capacitor voltage ripple is in phase with the arm
voltage. The second harmonic voltage is reversely injected into
the arm voltage to control the minimum arm voltage around 5 V,
which is equal to umin × Udc/3 = 0.05 × 100 V. The decreased
dc value of the capacitor voltage and the higher capacitor voltage
ripple do not influence the arm current.

Fig. 14(b) shows the steady-state experiment waveforms of
the HR SC-MMC when outputting rated active power. The dc
value of the capacitor voltage decreases to 47.9 V. The maximum
and minimum values of the capacitor voltage are approximately
51 V and 43 V, respectively. Therefore, the capacitor voltage
ripple is 9.28%. As is consistent with the simulation, the phase
difference between the capacitor voltage ripple and the arm
voltage is approximately π/2. The second harmonic voltage is
injected into the arm voltage to reduce the maximum arm output
voltage to 90 V and control the minimum arm voltage around
5 V.

Fig. 14(c) shows the steady-state experiment waveforms of the
HR SC-MMC when outputting rated inductive reactive power.
The dc value of the capacitor voltage decreases to 47.9 V. And the
minimum capacitor voltage is approximately 41 V. Therefore,
the capacitor voltage ripple is 14.4%. As is consistent with the
simulation, the capacitor voltage ripple is in the opposite phase
with the arm voltage. Meanwhile, the second harmonic voltage
is injected into the arm, which lowers the maximum arm output
voltage to 80 V and regulates the minimum arm voltage to
approximately 5 V. Owing to the proposed second harmonic
voltage injection, the HR SC-MMC can output rated inductive
reactive power without causing overmodulation.

Fig. 15 shows the transient-state experiment waveforms of the
HR SC-MMC. In this experiment, the HR SC-MMC is required
to output pure active power to the grid simulator. When the
converter operates in a steady state, the reference output active
power is suddenly changed from 0.3 p.u. to 0.9 p.u. As soon as
the reference is increased, the converter responds immediately
and increases the dc input current and ac output currents to
follow the change. Meanwhile, the second harmonic voltage

is also controlled to maintain the minimum value of the arm
voltage as the design value. During this dynamic process, the SM
capacitor voltage is well balanced, and no evident overvoltage
occurs during the transient phase.

Fig. 16 shows the experiment waveforms of HR SC-MMC
under the SLG fault condition. In this experiment, the converter
outputs rated active power to the grid. When the converter
operates in a steady state, an SLG fault occurs on the A phase of
the ac grid. As soon as the fault happens, the converter responds
immediately, the positive sequence current is limited to the rated
value, the negative sequence current is controlled to zero, and
the zero-sequence current is controlled to a certain value to
balance the output power of three phases. During this dynamic
process, the grid-side currents can remain balanced. Meanwhile,
the three-phase SM capacitor voltage is well balanced, and no
evident overvoltage occurs during the transient phase.

VIII. CONCLUSION

This article proposes a low-capacitance SC-MMC with sec-
ond harmonic voltage injection and high capacitor voltage rip-
ples for HVdc applications. By injecting the proposed second
harmonic voltage, the arm output voltage is shaped and the
lower limit of the capacitor voltage is reduced, which provides
additional space for the capacitor voltage. Then, the high capac-
itor voltage ripple operation can be achieved by utilizing this
additional voltage space. By slightly decreasing the dc value of
the capacitor voltage, the SC-MMC can operate under higher
capacitor voltage ripples without changing the peak capacitor
voltage. Therefore, the SM capacitance can be considerably
reduced. The operation principle, design, and control methods
of the HR SC-MMC are presented. The impacts of the proposed
method on the rms current, power loss, and temperature rise
of the SM capacitor are also analyzed. Based on the detailed
comparison results, the proposed method effectively reduces
the valve volume and cost, avoids a significant increase in the
total power loss, and keeps the switch installation capacity and
P-Q capability unchanged. Although the rms current and power
loss of SM capacitors are increased, this may be acceptable,
as the capacitor ripple current capability is underutilized and
the increase in total power loss is small compared to existing
methods. The effectiveness of HR SC-MMC is verified by
simulation and experimental results.

APPENDIX

The amplitude of the converter’s three-phase output voltages
Uva, Uvb, and Uvc can be calculated as

Uva =
√(

u+
vd + u−

vd + u0
vd

)2
+
(
u+

vq − u−
vq + u0

vq

)2

Uvb = 1
2

√√√√(−u+
vd +

√
3u+

vq − u−
vd +

√
3u−

vq + 2u0
vd

)2
+
(−√

3u+
vd − u+

vq +
√
3u−

vd + u−
vq + 2u0

vq

)2

Uvc =
1
2

√√√√(−u+
vd −

√
3u+

vq − u−
vd −

√
3u−

vq + 2u0
vd

)2
+
(√

3u+
vd − u+

vq −
√
3u−

vd + u−
vq + 2u0

vq

)2
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where the u+vd, u+vq, u−vd, u−vq, u0
vd, and u0

vq represent
the positive, negative, and zero sequence components of the
converter output voltage, respectively. They can be further cal-
culated as[

u+
vd

u+
vq

]
=

[
u+

sd
u+

sq

]
+X

[−i+vq

i+vd

] [
u−

vd
u−

vq

]
=

[
u−

sd
u−

sq

] [
u0

vd
u0

vq

]

= X0

[−i0vq

i0vd

]

X and X0 represent the inductances of the positive and zero
sequences, respectively.
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