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Abstract—Hybrid MMC (Hy-MMC) has broad application
prospects because of the negative level output ability in its
bridge arm. A Hy-MMC topology with a high-modulation ratio
is designed in this paper. A second-harmonic current injection
(SHCI) strategy based on Hy-MMC in high-modulation operation
is also proposed to improve the power density of Hy-MMC
effectively in steady-state operation. The amplitude of SHCI is
determined from the perspective of the root mean square (RMS)
value of bridge arm current, and the optimal initial phase angle
is determined from the multi-objective optimization (capacitor
voltage ripple of sub-modules (SMs), power loss, and peak
value of bridge arm current). The effectiveness and engineering
practicability of the proposed SHCI strategy based on Hy-MMC
in high-modulation operation is verified by the electromagnetic
transient (EMT) simulation using PSCAD/EMTDC®. The simu-
lation results show that the capacitor voltage ripple of SMs can
be effectively decreased by 61.98% or the capacitance can be
decreased by 40%. The power loss is also analyzed. In addition,
little influence of low capacitance on multi-operation conditions
of Hy-MMC is verified by EMT simulation.

Index Terms—Capacitor voltage ripple, harmonic current
injection, high-modulation operation, hybrid MMC (Hy-MMC),
low capacitance, multi-objective optimization, power density.
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I. INTRODUCTION

MODULAR multilevel converter (MMC) has attracted
extensive attention because of its high symmetry and

scalability. The high-voltage direct current (HVDC) transmis-
sion technology based on MMC has been used in practical
projects for grid connection of clean energy, which can effec-
tively reduce carbon emissions [1]–[3].

The traditional MMC (T-MMC) is composed of six bridge
arms, and each bridge arm is cascaded by many half-bridge
sub-modules (HBSMs), which makes the big volume and
huge weight of MMC. Therefore, the lightweight MMC is
imperative [4], [5]. For the sub-modules (SMs) in MMC, the
capacitance volume accounts for a large proportion, and the
parameter value of the capacitance is related to the capacitor
voltage ripple of the SMs [6], [7]. Therefore, the reduction
of the capacitor voltage ripple can reduce the demand for the
capacitance of SMs and then realize the lightweight MMC [8],
[9].

The hybrid MMC (Hy-MMC), which is composed of HB-
SMs and full-bridge SMs (FBSMs), has the negative level
output capability of its bridge arm. Thus, Hy-MMC has
better performance than T-MMC, which has attracted extensive
attention. For example, Hy-MMC topology has been used in
a practical project in China (Fig. 1), which transmits power
from the Wudongde hydropower station to the Guangdong
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Fig. 1. System topology of HVDC project with Hybrid MMC.
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and Guangxi grid [10], [11]. The FBSMs proportion of Hy-
MMC is 70% (MMC2 and MMC3 in Fig. 1, and the detailed
topology of Hy-MMC is shown in Fig. 2). The start-up
scheme [12], steady-state operation strategy [13], low DC
voltage operation [14], and non-blocking ride through (NBRT)
strategy [15], [16] of Hy-MMC have been actively explored.
The lightweight problem based on Hy-MMC is a timely topic
in current research.
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Fig. 2. Topologies of Hy-MMC and SMs.

Many control schemes of capacitor voltage ripple reduction
for half-bridge MMC can be directly used in Hy-MMC be-
cause they do not need the negative level output capability
of FBSMs. The classical circulating current suppressing con-
troller (CCSC) is proposed in [17], and the circulating current
of MMC is suppressed to zero by the CCSC. In contrast
to [17], utilizing circulating current instead of suppressing it
to zero is also an effective scheme to reduce the capacitor
voltage ripple of SMs in MMC. The second harmonic current
is the main component of the circulating current in MMC.
Various methods to determine the amplitude and initial phase
angle of the second harmonic current injection (SHCI) are
proposed [18], [19]. The capacitor voltage ripple of the SMs
is aimed as the objective function to get the optimal second
harmonic current. Based on the instantaneous information of
MMC, an improved method of SHCI is proposed in [18].
Based on [18], a unified online calculation scheme of SHCI
by using the instantaneous information of MMC is proposed
in [19], and the impact of SHCI on power loss and root mean
square (RMS) value of arm current is also considered.

Furthermore, the zero-sequence voltage injection (ZSVI)
scheme is proposed in [20], which can improve the modulation
ratio and reduce the capacitor voltage ripple of SMs. The
average capacitor voltage control of SMs is proposed in [21],
which can reduce the MMC energy storage requirements.
However, the DC voltage may be adjusted, which is not easy
to realize in the practical project.

Based on the negative level output capability of the FBSMs,
many new schemes have been proposed. In [22], a scheme to
reduce the fundamental frequency ratio of capacitor voltage
ripple is proposed, which is useful to decrease the capacitor

voltage ripple. Moreover, SHCI is proposed to suppress the
ripple caused by reactive power in [22]. Based on the state
trajectory analysis, a novel SHCI method is proposed in [23] to
eliminate both the fundamental frequency and the second-order
harmonic of the capacitor voltage ripple. A special modulation
index of 1.15 is also needed in [23]. The modulation index is
up to 1.414 to further decrease the capacitor voltage ripple
of SMs [24]. Both second-order harmonic and third-order
voltage are considered in [25] to reduce the capacitor voltage
ripple. Based on [25], the determined scheme of second-
order harmonic and third-order voltage is proposed in [26] to
suppress the fundamental and second-harmonic components
of instantaneous power. In addition, the schemes of single-
line-to-ground fault based on Hy-MMC reduce the capacitor
voltage ripple of SMs are proposed in [27], [28], fundamental-
frequency reactive circulating current injection [29] is pro-
posed to balance the capacitor voltage in Hy-MMC under DC
faults. Based on the negative level output capability of FBSMs,
fewer SMs will be used under the condition that the amplitude
of MMC AC voltage remains unchanged in [30]. The optimum
injection of SHCI for the reduction of capacitor voltage ripple
in over-modulated MMC is proposed in [31].

The above contents have actively explored the capacitance
reduction schemes of SMs in Hy-MMC and make full use
of the negative level of FBSMs to reduce significantly the
capacitor voltage ripple of SMs. However, the following points
need to be further studied and discussed: 1) how does the
harmonic injection affect the peak value and RMS value of the
bridge arm current. When selecting the harmonic injection, the
peak value and RMS value of bridge arm current should be
considered quantitatively; 2) how to optimize the proportion of
the FBSMs to reduce the construction cost of the whole Hy-
MMC with a high-modulation ratio; 3) verify the influence of
low capacitance on the transient state and the steady-state of
Hy-MMC by electromagnetic transient (EMT) simulation.

Based on the above analysis, the high-modulation opera-
tion of Hy-MMC (HMH-MMC) with a capacitance reduction
method is proposed in this manuscript. The main contributions
of this manuscript are as follows: 1) The FBSMs proportion of
HMH-MMC is optimized by adding extra HBSMs, which can
operate in the high-modulation mode and decrease the usage
of power electronic devices. 2) The determination method
of SHCI is proposed. The amplitude of SHCI is determined
from the perspective of the RMS value of the bridge arm
current, and the optimal initial phase angle is determined
from the multi-objective optimization (capacitor voltage ripple
of SMs, power loss, and peak value of bridge arm current).
3) Furthermore, the operations (low DC voltage operation
in steady-state and NBRT process under DC fault state) of
Hy-MMC under low capacitance are also verified by EMT
simulation.

The rest of this paper is organized as follows: Section II
introduces the HMH-MMC. Based on Section II, the optimal
determination method of amplitude and initial phase angle
of the SHCI is obtained in Section III. The EMT simulation
verification in PSCAD/EMTDC® and the economic analysis
of SHCI the method based on HMH-MMC are shown in
Section IV. Section V gives the conclusion of the work.
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II. HIGH-MODULATION OPERATION OF HY-MMC

The topology of the Hy-MMC is shown in Fig. 2. Hy-MMC
is composed of 6 identical bridge arms. Each bridge arm
contains bridge arm inductance (Larm) and numerous SMs.
There are two types of SMs in Hy-MMC: HBSM and FBSM.
HBSM is composed of IGBTs (T1 and T2), diodes (D1 and
D2), and capacitors (C), while the number of power electronic
devices in FBSM is twice that of HBSM. It is noted that phase
A will be used for analysis if there is no special description.

The bridge arm voltage (phase a) of T-MMC can be obtained
from (1): 

Upa =
Udc

2
− Ua sin(ωt)

Ua =
m

2
Udc =

m

2
N · ucave

(1)

where Upa is the upper bridge arm voltage, Udc is the DC
voltage, Ua is the amplitude of modulation voltage, m is the
modulation ratio, ω is the system angular frequency, t is the
time variable. ucave is the average voltage of the capacitor in
SMs, and N is the number of SMs that support DC voltage.

Due to the negative level output capability of the FBSM, the
bridge arm voltage of Hy-MMC can also be negative. Two
modes can make the bridge arm voltage negative from (1):
high amplitude of modulation voltage and low DC voltage,
which are shown in Fig. 3, where U ′

dc is the DC voltage of
Hy-MMC, U ′

a is the amplitude of modulation voltage of Hy-
MMC, the relationships of these variables are shown in (2):{

U ′
a > Ua

U ′
dc < Udc

(2)
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Fig. 3. Two modes of negative bridge arm voltage. (a) High amplitude of
modulation voltage. (b) Low DC voltage.

Mode A: DC voltage is constant and the amplitude of
modulation voltage is increased, bridge arm voltage will be
negative (Fig. 3(a)), which often happens in high modulation
ratio conditions in steady-state operation. Extra SMs will be
added to the bridge arm to keep a high modulation ratio under
constant DC voltage.

Mode B: The amplitude of modulation voltage is constant
and DC voltage is decreased; bridge arm voltage will also be

negative (Fig. 3(b)). No extra SMs are needed, which often
happens in low DC voltage conditions in a steady state.

The proportion of FBSM is at least 50% when the DC
fault can be cleaned without blocking the Hy-MMC. A higher
proportion of FBSM is required or SHCI [32] is used when the
DC voltage of Hy-MMC ramps from rated value to zero with
constant amplitude of modulation voltage. If a high modulation
ratio in steady-state and clearing DC fault without blocking
converter are both required in Hy-MMC, the total number of
SMs in the bridge arm in Hy-MMC will be over N [26] and
the FBSM proportion of Hy-MMC is ζ (ζ ≥ 0.5).

Two types of Hy-MMC are defined and compared below:
Normal-modulation Hy-MMC (NMH-MMC): Hy-MMC

with NBRT capability (ζ ≥ 0.5).
High-modulation Hy-MMC (HMH-MMC): based on NMH-

MMC, high modulation ratio operation (Mode A) in steady-
state is also included.

The comparison of three topologies (T-MMC included) is
shown in Table I. The modulation ratio of NMH-MMC usually
does not operate at its maximum value to keep some safety
margin. Based on the rule of the safety margin ratio, the
maximum value of the modulation ratio in HMH-MMC can
be obtained from (3):

m

1
=

m′

mmax
= η (3)

where m is the modulation ratio of NMH-MMC, m′ is the
high modulation ratio of HMH-MMC (m′ > m). mmax is the
maximum value of modulation ratio in HMH-MMC, η is the
safety margin ratio.

TABLE I
COMPARISON OF THREE TOPOLOGIES

Topologies T-MMC Hy-MMC
NMH-MMC HMH-MMC

Types of SMs HBSM ⋆ ⋆ ⋆
FBSM ⋆ ⋆ ⋆

NBRT DC fault ⋆ ⋆ ⋆
Low DC voltage in steady state ⋆ ⋆ ⋆
High modulation in steady state ⋆ ⋆ ⋆

Note: YES ⋆ NO ⋆

When the value of m′ is selected, mmax can be obtained
from (3). Substitute mmax into (1), ωt is assigned −π/2,
the total number of SMs in the bridge arm can be obtained
from (4): 

Udc

2
+

Udc

2
mmax = Upamax

Upamax = N ′ · ucave

(4)

where Upamax is the maximum positive output voltage of
the bridge arm, it is the total number of bridge arms. The
relationship between N ′ and mmax is shown in (5):

N ′ = (1 +mmax)
N

2
(5)

where N is the instantaneous value of the input phase SM
number (the same meaning as N in (1)). The number of HBSM
and FBSM in the bridge arm of HMH-MMC can be obtained
from (6):
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NFBSM = ζN

NHBSM =

(
1 +mmax

2
− ζ

)
N

(6)

where NHBSM is the number of HBSM, NFBSM is the number
of FBSM, ζ is the FBSM proportion of Hy-MMC.

III. OPTIMAL DETERMINATION METHOD OF SHCI

A. Amplitude Determination Method of SHCI

The SHCI can increase the RMS value of the bridge arm
current and increase the power loss of the converter. The
amplitude of SHCI can be determined from the perspective
of the RMS value of MMC’s bridge arm current.

The bridge arm current of NMH-MMC and HMH-MMC
are shown in (7): (take the phase a as an example)

iaupNMH =
IdcNMH

3
+ IasNMH sin(ωt+ φ1NMH)

iaupHMH =
IdcHMH

3
+ IasHMH sin(ωt+ φ1HMH)

+ I2as sin(2ωt+ φ2as)

(7)

where iaupNMH is the bridge arm current of NMH-MMC
(when CCSC is used in NMH-MMC, no second component
is included in iaupNMH). IdcNMH is the DC current of NMH-
MMC. IasNMH is the peak value of the bridge arm’s funda-
mental phase current in NMH-MMC and φ1NMH is the initial
phase angle of the fundamental phase current in NMH-MMC.
iaupHMH is the bridge arm current of HMH-MMC. IdcHMH is
the DC current of HMH-MMC. IasHMH is the peak value of
the bridge arm fundamental phase current in HMH-MMC and
φ1HMH is the initial phase angle of the fundamental phase
current in HMH-MMC. I2as is the amplitude of SHCI in
HMH-MMC, φ2as is the initial phase angle of SHCI in HMH-
MMC.

The RMS value of the bridge arm in NMH-MMC and
HMH-MMC are obtained from (8), where IaupNMHrms is the
RMS value of the bridge arm in NMH-MMC, the RMS value
of the bridge

I2aupNMHrms =

(
IdcNMH

3

)2

+
I2asNMH

2

I2aupHMHrms =

(
IdcHMH

3

)2

+
I2asHMH

2
+

I22as
2

(8)

arm in HMH-MMC is IaupHMHrms.
Under the same working conditions of DC voltage and

active power, IdcNMH and IdcHMH are equal. Compared
with NMH-MMC, the modulation ratio of HMH-MMC is
increased, IasHMH is less than IasNMH. The value of I2as
can be determined by making the value of IaupNMHrms and
IaupHMHrms equal, which can be obtained from (9): IaupNMHrms = IaupHMHrms

I2as =

√
1−

( m

m′

)2

IasNMH

(9)

where m and m′ have the same meaning of that in (3).
Assuming the power factor of NMH-MMC and HMH-MMC

is both 1, then IasNMH can be obtained from (10):


P =

3

2
UacIac

Uac = m
Udc

2

IasNMH =
Iac
2

(10)

where P is an active power, Uac is the amplitude of phase
voltage at the AC side in NMH-MMC. Iac is the amplitude
of phase current at the AC side in NMH-MMC. Substituting
(10) into (9), we obtained (11):

I2as =

√
1−

( m

m′

)2 2P

3mUdc
(11)

The inherent physical quantity of the system determines
I2as.

The final optimal value I2asf of the I2as can be obtained
from (12):

I2asf = kI ·
√
1− (

m

m′ )
2

2P

3mUdc
(0.5 < kI < 1) (12)

where k1 is a coefficient of correction, which can expand
the selection range of I2as and ensure that IaupHMHrms is
not greater than IaupNMHrms. k1 is determined and chosen
by many factors (e.g., power loss, the peak value of bridge
current, capacitor voltage ripple).

B. Operational Initial Phase Angle Determination Method of
SHCI

The injection of second-harmonic current will increase the
peak value of the bridge arm current of HMH-MMC, which
can deteriorate the current stress environment of IGBT devices
in SMs. When the amplitude of the second-harmonic current is
determined, the peak value of the bridge arm current is mainly
affected by the initial phase angle of the SHCI. Therefore, the
peak value of the bridge arm current can be considered one
of the conditions for selecting the initial phase angle of the
SHCI.

To expand the selectable range of the initial phase angle of
the SHCI as much as possible, the bridge arm current peak
value of HMH-MMC is limited to no more than 1.2 times the
bridge arm current peak value of NMH-MMC. The inequality
constraints about φ2as can be obtained from (13):

|iaupHMH|max < 1.2|iaupNMH|max (13)

At the same time, when the amplitude of the second-
harmonic current is determined, the capacitor voltage fluctua-
tion of the SMs will be determined by the φ2as (when other
system parameters are determined). Therefore, the minimum
peak value of capacitor voltage fluctuation of SMs can be
regarded as one condition of the optimal φ2as, which is shown
in (14):

f(φ2opt)|max ≤ f(φ2as)|max (14)

where f(φ2as) is the function of capacitor voltage fluctuation
of SMs with φ2as. φ2opt is the optimal φ2as. Substituting (7)
and (9) into (13), two inequality constraints of φ2as are shown
in (15):
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∣∣∣∣ ( m

m′ − 1.1
)
sin(ωt)

+kI ·
√
1−

( m

m′

)2

sin(2ωt+ φ2opt)

∣∣∣∣
max

≤ m

20

f(φ2opt)|max ≤ f(φ2as)|max

(15)

The φ2opt can be obtained by (15).

IV. EMT SIMULATION RESULTS AND DISCUSSION

A simulation case is established in PSCAD/EMTDC® to
verify the effectiveness of HMH-MMC and its SHCI method.
To be more suitable for practical engineering scenarios, ζ =
0.7 [10]. The whole system structure is shown in Fig. 4, where
Zs is the system impedance of the AC system. NMH-MMC
is taken as the control group (m = 0.9, maximum modulation
ratio is 1, N = 200). Supposing the m′ = 1 of HMH-MMC is
taken as an example. The mmax of HMH-MMC is 1.1 (actually
mmax = 10/9, for the convenience of calculation, mmax =
1.1) The number of HBSM and FBSM in the bridge arm of
HMH-MMC can be obtained by (6) and Table II.{

NFBSM = 140

NHBSM = 70
(16)

The other system parameters of HMH-MMC are the same
as those of NMH-MMC.

MMC

AC system

Transformer
Zs

±160kVUdc

0.05H

Overhead line

Fig. 4. System structure of simulation case.

TABLE II
PARAMETERS OF NMH-MMC AND HMH-MMC

Parameter NMH-MMC HMH-MMC
Rated DC voltage (kV) 320 320
Rated active power (MW) −500 −500

Number of SMs HBSM 60 70
FBSM 140 140

Inductance of arm bridge (H) 0.06 0.06
The capacitance of SMs (mF) 10 10
Proportion of FBSM 0.7 0.67
Second harmonic current 0 i2as

A. Verification of Capacitor Reduction Strategy

The system parameters are shown in Table II. The influence
of the amplitude I2as and initial phase angle φ2as of SHCI on
the peak value of capacitor voltage ripple Ucmax and power
loss [33] of SMs PLoss is shown in Fig. 5, where all the system
parameters are from Table II. The relationship between Ucmax

and φ2as can be obtained from Fig. 5(a), the same trend can
be obtained by changing different I2as. When φ2as changes
from 0◦ to 360◦, Ucmax first increases and then decreases. The
value of Ucmax is relatively small when φ2as is in the range
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Fig. 5. The influence of I2as and φ2as of SHCI on the Ucmax and PLoss.
(a) Relationship between Ucmax and φ2as. (b) Relationship between Ucmax

and I2as. (c) Relationship between PLoss and φ2as. (d) Relationship between
PLoss and I2as.

of 210◦ to 330◦. The relationship between Ucmax and I2as can
be obtained from Fig. 5(b). Different φ2as has great influence
on the relationship between Ucmax and I2as. The relationship
between PLoss and φ2as can be obtained from Fig. 5(c), the
same trend can be obtained by changing different I2as. When
φ2as changes from 0◦ to 360◦, PLoss first increases and then
decreases. The value of PLoss is relatively small when φ2as is
in the range of 200◦ to 315◦. The relationship between PLoss

and I2as can be obtained from Fig. 5(d). Different φ2as has
great influence on the relationship between PLoss and I2as.

The SHCI i2as of HMH-MMC can be obtained from (12),
(15) and Fig. 5 (k1 = 0.8):

i2as = 0.4 sin(2ωt− 45◦) (17)

The corresponding controller of SHCI is shown in Fig. 6.
where ω0 is the system angular frequency, t is the time,
Tabc/dq is the matrix of the Park transformation, Tdq/abc is the
inverse matrix of the Park transformation. i2sj (j = a, b, c) is
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Fig. 6. Controller diagram of SHCI. (a) Reference value of SHCI in dq
coordinate. (b) Measuring value of SHCI in dq coordinate. (c) Main controller
of SHCI.
Note: i2as is the quantity of the SHCI.

the reference value of second harmonic component of bridge
arm current in MMC. I2fdref is the component of i2sj in d
axis of dq coordinate system and I2fqref is the component of
i2sj in q axis of dq coordinate system. i2smj (j = a, b, c) is
the measured value of second harmonic component of bridge
arm current in MMC after SHCI. I2fsmd is the component
of i2smj in d axis of dq coordinate system and I2fsmq is the
component of i2smj in q axis of dq coordinate system. Larm

is the bridge arm reactance. PI is a proportional integration
controller. ucjref (j = a, b, c) is the harmonic voltage output of
the whole controller, which is superimposed on the modulation
wave of the main controller of MMC to realize the closed-loop
control of SHCI.

For effective verification of the capacitor reduction strategy
of HMH-MMC, the comparison and verification of

Two operations of equal capacitance and low capacitance
will be carried out in this section.

Equal capacitance operation: capacitor voltage ripple re-
duction of SMs in HMH-MMC based on the same capacitance
as NMH-MMC (control group).

Low capacitance operation: The capacitance reduction of
SMs in HMH-MMC based on the capacitor voltage ripple is
no more significant than that of NMH-MMC.

The ratio of capacitor voltage ripple reduction (equal capaci-
tance operation) ∆ucp% and the ratio of capacitance reduction
(low capacitance operation) ∆Cr% are defined in (18):

∆ucp% =
ucp1 − ucp2

ucp1 − ucN

∆Cr% =
Cr1 − Cr2

Cr1

(18)

where ucpj (j = HMH-MMC, NMH-MMC) is the peak value
of the capacitor voltage ripple of SMs in j MMC. ucN is the
DC part of capacitor voltage ripple in SMs. Crj (j = HMH-
MMC, NMH-MMC) is the capacitance value of SMs in j
MMC.

(1) Verification of equal capacitance operation
The waveforms comparison of key measuring points of

different types of MMC under equal capacitance operation is
shown in Fig. 7, where Ucapave is the average voltage of all
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Fig. 7. Waveform comparison of key measuring points under equal
capacitance operation. (a) Capacitor voltage ripple of SMs in HMH-MMC.
(b) Capacitor voltage ripple of SMs in NMH-MMC. (c) Bridge arm current
in HMH-MMC. (d) Bridge arm current in NMH-MMC. (e) Active power of
HMH-MMC. (f) Active power of NMH-MMC.

SMs in the upper bridge arm of phase a. Iap is the upper
bridge arm current of phase a. Pm is the active power. The
Ucapave of HMH-MMC is 1.473 kV∼1.646 kV from Fig. 7(a),
and the Ucapave of NMH-MMC is 1.437 kV∼1.721 kV from
Fig. 6(b). The ∆ucp% of HMH-MMC is 61.98% according to
(18). The Iap of HMH-MMC is −0.560 kA∼1.974 kA from
Fig. 7(c), and the Iap of NMH-MMC is −0.686 kA∼1.788 kA
from Fig. 7(d).

The peak values of Iap between HMH-MMC and NMH-
MMC meet the (13). SHCI does not have an obvious influence
on the active power by comparing Fig. 7(e) and Fig. 7(f).

On the one hand, the capacitor voltage ripple of SMs can
be effectively reduced by the topology improvement method.
On the other hand, the capacitor voltage ripple of SMs can be
further reduced by the method of second harmonic injection.
Both of these two methods have the superposition effect.

(2) Verification of low capacitance operation
To verify the effectiveness of the capacitor reduction strat-

egy more effectively, the capacitance of SMs in Table II is
reduced from 10mF to 6mF (∆Cr% = 40%), and the other
parameters remain unchanged.

The waveforms comparison of key measuring points of
HMH-MMC under low capacitance operation are shown in
Fig. 8. The Ucapave of HMH-MMC is 1.405 kV∼1.691 kV
from Fig. 8(a). The ∆ucp% is 24.79% when ∆Cr% is
40%. The Iap of HMH-MMC is −0.564 kA∼1.980 kA from
Fig. 8(b), which still meets the (13).

B. Verification of Other Operations

Due to the negative level output capability of FBSMs, there
are many additional operations in HMH-MMC. It is necessary
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to verify the impact of low capacitance on these operations
(∆Cr% = 40%) by EMT simulation.
1) Low DC Voltage Operation under Steady-state

HMH-MMC needs to reduce DC voltage under extreme en-
vironments to improve safety. Considering the current carrying
capacity of power electronic devices, the DC current of HMH-
MMC needs to remain unchanged before and after the low DC
voltage operation. Therefore, the actual active power Pact and
actual DC voltage Udcact meet the (19):

Pact

Udcact
=

Prate

Udcrate
= Idcrate (19)

where Prate is the rate value of active power, Udcrate is the rate
value of DC voltage. Idcrate is the rate value of DC current.
DC voltage is reduced to 85% Udcrate in the form of a slope
wave.

The waveforms of key measuring points are shown in Fig. 9,
where Pm and Ucapave have the same meaning as that in Fig. 7,
Udc is the DC voltage. The whole timeline of low DC voltage
operation is as follows: The Udc reduces to 85% Udcrate in
the form of slope wave within 7.5 s∼8 s and increases to
the Udcrate within 8.5 s∼9 s. HMH-MMC can still effectively

operate in a low DC voltage state under low capacitance of
SMs from Fig. 9. The capacitor voltage ripple between FBSM
and HBSM diverges because HBSM does not have the output
capability of negative voltage.
2) NBRT Capability Under DC Fault Operation

NBRT capability is a key property for HMH-MMC. It is
necessary to verify the NBRT capability of HMH-MMC under
low capacitance operation. The NBRT capability strategy
based on [16] is implemented in this work. The waveforms
of key measuring points of NBRT capability of HMH-MMC
under low capacitance operation are shown in Fig. 10, where
Qm is reactive power, Upa is the upper bridge arm voltage of
phase a, Udchalf is the half value of Udc. The timeline is as
follows: the whole system is running in steady-state before 2 s,
then the pole-to-pole DC fault (in Fig. 4) occurs at 2 s, and the
fault is detected at 2.001 s. Within 2.001 s to 2.5 s, DC voltage
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power. (d) Capacitor voltage ripple of SMs. (e) Bridge arm voltage.
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Udc and active power Pm are assigned 0, and Reactive power
Qm changes from 0 to −200 MVar in the form of the slope.
After the DC fault is cleared, Reactive power Qm changes
from −200 MVar to 0 Mvar in the form of a slope within
3.5 s to 4 s.

Within 2.001 s∼4 s, all HBSMs are bypassed. Only FBSMs
are in use. Only the sinusoidal component is included in the
bridge arm voltage U . Within 4 s∼5 s, DC voltage Udc is
reestablished, and DC bias reappears in the bridge arm voltage
U ; HBSMs and FBSMs are both in use. Within 5 s∼6 s, active
power Pm changes from 0 to −500 MW in the form of slope.
The CCSC is in use within 2.001 s∼4 s, and the SHCI method
is in use in the other periods. The low capacitance value
(∆Cr% = 40%) has little influence on the NBRT capability
of HMH-MMC, as shown in Fig. 10.

V. ECONOMIC ANALYSIS OF HMH-MMC

The economic analysis of HMH-MMC includes construc-
tion investment and operation costs (power loss).

HMH-MMC is an improvement of NMH-MMC (Table I).
The comprehensive comparison between HMH-MMC and
NMH-MMC is shown in Table III, where all the system
parameters are based on Table II. The power loss of FBSM is
twice that of HBSM.

TABLE III
COMPARISON BETWEEN HMH-MMC AND NMH-MMC

MMC type Construction part Power loss (W)
HBSM FBSM C (mF) HBSM Six bridge arms

NMH-MMC 6 × 60 6 × 140 10 5535.33 1.13 × 107

HMH-MMC 6 × 70 6 × 140 6 4923.05 1.03 × 107

In comparison to NMH-MMC, the merits of HMH-MMC
are lower power loss (106W reduced) and lower capacitance
(∆Cr% = 40%), while the demerit of HMH-MMC is that
extra 60 HBSMs are needed.

A. Comparison With Other Capacitor Voltage Ripple Methods

To verify the effectiveness of the proposed method more
effectively, the comparison between the dual harmonic in-
jection [26] method and the proposed method is shown in
Table IV.

TABLE IV
COMPREHENSIVE COMPARISON OF DIFFERENT METHODS

Serial
number

Capacitor
reduction
method

Capacitor
voltage
ripple (kV)

Bridge arm
current (kA)

Inputting
the number
of SMs

I CCSC 1.471∼1.687 −0.547∼1.625 −3-200

II dual harmonic
injection 1.520∼1.655 −0.264∼2.016 −7∼210

III proposed
method 1.473∼1.646 −0.560∼1.974 3∼197

The three methods are all based on the hybrid MMC
topology, with the modulation ratio m = 1, power factor angle
cos φ = 1—method I is used as the blank control group.
Methods II and III can both decrease the capacitor voltage
ripple of SMs. Method III can reduce the amplitude of the

capacitor voltage ripple of SMs to a greater extent than that
of Method II. According to (18), the ∆ucp% of Methods II
and III is 36.78% and 47.13% respectively.

The range of the bridge arm current in Method II is
−0.264 kA∼2.016 kA, which is larger than that of Method III
(−0.560 kA∼1.974 kA). The range of the inputting number
of SMs in Method II is −7∼210, which is a more extensive
range than that of Method III. What’s more, more SMs are
used, which means there is a lower margin for the number
of SMs which affects the input of other types of additional
controllers. The transformer connection mode of Method II is
Y/△ because of the injection of the third harmonic voltage,
which also affects some application scenarios of Method II.

VI. CONCLUSION

Hy-MMC has broad application prospects because of the
negative voltage output capacity in the bridge arm. In this
paper, the HMH-MMC is proposed to improve the power
density of Hy-MMC. The optimal SHCI based on HMH-MMC
is also proposed. The following conclusions can be drawn:

1) HMH-MMC can be obtained by adding some HBSMs
based on the NMH-MMC, which can operate in the high-
modulation mode.

2) The optimal SHCI method based on HMH-MMC can
effectively reduce the capacitor voltage ripple (61.98%) or
capacitance value (40%) of SMs in HMH-MMC. And the
power loss of the optimized HMH-MMC is not greater than
that of NHM-MMC.

3) The low capacitance of HMH-MMC has little effect on
low DC voltage operation in steady-state and NBRT processes
under DC fault states by EMT simulation.

In comparison to NMH-MMC, extra HBSMs are needed in
HMH-MMC, which increases some construction investment.
Furthermore, more SMs means a sophisticated sorting process
of SMs in HMH-MMC, which means the requirement of more
extensive computing resources. Through the above analysis,
the ripple and capacitance reduction strategy based on HMH-
MMC has certain innovation and engineering application
value.

REFERENCES

[1] A. Lesnicar and R. Marquardt, “An innovative modular multilevel
converter topology suitable for a wide power range,” in Proceedings of
2003 IEEE Bologna Power Tech Conference Proceedings, 2003, pp. 1–6.

[2] T. S. Basu, S. Maiti, and C. Chakraborty, “Performance improvement
of PV-fed hybrid modular multilevel converter under partial shading
condition,” IEEE Transactions on Industrial Electronics, vol. 68, no. 10,
pp. 9652–9664, Oct. 2021.

[3] K. Ji, H. Pang, J. Yang, and G. F. Tang, “DC side harmonic resonance
analysis of MMC-HVDC considering wind farm integration,” IEEE
Transactions on Power Delivery, vol. 36, no. 1, pp. 254–266, Feb. 2021.

[4] M. Huang, Z. Kang, W. L. Li, J. L. Zou, X. K. Ma, and J. H.
Li, “Modified modular multilevel converter with third-order harmonic
voltage injection to reduce submodule capacitor voltage ripples,” IEEE
Transactions on Power Electronics, vol. 36, no. 6, pp. 7074–7086, Jun.
2021.

[5] C. Y. Zhao, Q. Fan, S. Li, and J. Z. Xu, “Operation method of MMC
capacitance reduction under arm inductor switching control,” IEEE
Transactions on Power Delivery, vol. 36, no. 1, pp. 418–428, Feb. 2021.

[6] Y. J. Ma, J. J. Xiao, H. Lin, and Z. Wang, “A novel battery integration
method of modular multilevel converter with battery energy storage
system for capacitor voltage ripple reduction,” IEEE Transactions on
Industrial Electronics, vol. 68, no. 12, pp. 12250–12261, Dec. 2021.



314 CSEE JOURNAL OF POWER AND ENERGY SYSTEMS, VOL. 12, NO. 1, JANUARY 2026

[7] J. Z. Xu, J. X. Wang, Y. K. Yang, J. N. Wang and G. Li, “Optimal
suppression strategy for capacitor voltage ripples of hybrid MMCs
under unbalanced grid voltages,” IEEE Transactions on Power Delivery,
vol. 38, no. 1, pp. 244–254, Feb. 2023.

[8] T. Younis, P. Mattavelli, I. Toigo, and M. Corradin, “Three-phase
modular multilevel converter with optimized capacitor sizing for low-
voltage applications,” IEEE Transactions on Power Electronics, vol. 36,
no. 12, pp. 13930–13943, Dec. 2021.

[9] G. L. Jia, M. Chen, S. Tang, C. H. Zhang, and G. N. Zhu, “Active power
decoupling for a modified modular multilevel converter to decrease sub-
module capacitor voltage ripples and power losses,” IEEE Transactions
on Power Electronics, vol. 36, no. 3, pp. 2835–2851, Mar. 2021.

[10] H. Rao, Y. B. Zhou, C. Y. Zou, S. K. Xu, Y. Li, L. Yang, and W. H.
Huang, “Design aspects of hybrid HVDC system,” CSEE Journal of
Power and Energy Systems, vol. 7, no. 3, pp. 644–653, May 2021.

[11] H. Rao, Y. B. Zhou, S. K. Xu, X. P. Cai, W. Y. Cao, Y. L. Xu, and C. L.
Ren, “Key technologies of ultra-high voltage hybrid LCC-VSC MTDC
systems,” CSEE Journal of Power and Energy Systems, vol. 5, no. 3,
pp. 365–373, Sep. 2019.

[12] R. Zeng, L. Xu, L. Z. Yao, and D. J. Morrow, “Precharging and
DC fault ride-through of hybrid MMC-Based HVDC systems,” IEEE
Transactions on Power Delivery, vol. 30, no. 3, pp. 1298–1306, Jun.
2015.

[13] R. Zeng, L. Xu, L. Z. Yao, and B. W. Williams, “Design and operation
of a hybrid modular multilevel converter,” IEEE Transactions on Power
Electronics, vol. 30, no. 3, pp. 1137–1146, Mar. 2015.

[14] J. H. Lee, J. J. Jung, and S. K. Sul, “Balancing of submodule capacitor
voltage of hybrid modular multilevel converter under DC-bus voltage
variation of HVDC system,” IEEE Transactions on Power Electronics,
vol. 34, no. 11, pp. 10458–10470, Nov. 2019.

[15] W. X. Lin, D. Jovcic, S. Nguefeu, and H. Saad, “Full-bridge MMC
converter optimal design to HVDC operational requirements,” IEEE
Transactions on Power Delivery, vol. 31, no. 3, pp. 1342–1350, Jun.
2016.

[16] J. Z. Xu, X. B. Zhao, H. Jing, J. Liang, and C. Y. Zhao, “DC fault
current clearance at the source side of HVDC grid using hybrid MMC,”
IEEE Transactions on Power Delivery, vol. 35, no. 1, pp. 140–149, Feb.
2020.

[17] Q. R. Tu, Z. Xu, and L. Xu, “Reduced switching-frequency modulation
and circulating current suppression for modular multilevel converters,”
IEEE Transactions on Power Delivery, vol. 26, no. 3, pp. 2009–2017,
Jul. 2011.

[18] J. Pou, S. Ceballos, G. Konstantinou, V. G. Agelidis, R. Picas, and J.
Zaragoza, “Circulating current injection methods based on instantaneous
information for the modular multilevel converter,” IEEE Transactions on
Industrial Electronics, vol. 62, no. 2, pp. 777–788, Feb. 2015.

[19] J. Wang, X. Han, H. Ma, and Z. H. Bai, “Analysis and injection
control of circulating current for modular multilevel converters,” IEEE
Transactions on Industrial Electronics, vol. 66, no. 3, pp. 2280–2290,
Mar. 2019.

[20] R. Li, J. E. Fletcher, and B. W. Williams, “Influence of third harmonic in-
jection on modular multilevel converter-based high-voltage direct current
transmission systems,” IET Generation, Transmission & Distribution,
vol. 10, no. 11, pp. 2764–2770, Aug. 2016.

[21] S. S. Thakur, M. Odavic, and Z. Q. Zhu, “Modeling and optimization
of low-capacitance half-bridge modular multilevel converters operated
with average submodule capacitor voltage control,” IEEE Transactions
on Industry Applications, vol. 57, no. 6, pp. 6131–6144, Nov./Dec. 2021.

[22] C. Zhao, M. Lei, Y. Hu, Z. X. Li, F. Q. Gao, P. Wang, and Y. H. Li,
“Energy storage requirement optimization of hybrid modular multilevel
converter with circulating current injection,” IEEE Transactions on
Industrial Electronics, vol. 66, no. 9, pp. 6637–6648, Sep. 2019.

[23] Y. D. Lyu, C. Li, Y. H. Hsieh, F. C. Lee, Q. Li, and R. Xu, “Capacitor
voltage ripple reduction with state trajectory analysis for modular
multilevel converter,” in Proceedings of 2017 IEEE Applied Power
Electronics Conference and Exposition, 2017, pp. 1829–1836.

[24] J. B. Hu, M. C. Xiang, L. Lin, M. Z. Lu, J. H. Zhu, and Z. Y.
He, “Improved design and control of FBSM MMC with boosted AC
voltage and reduced DC capacitance,” IEEE Transactions on Industrial
Electronics, vol. 65, no. 3, pp. 1919–1930, Mar. 2018.

[25] P. Dong, J. Lyu, and X. Cai, “Optimized design and control for hybrid
MMC with reduced capacitance requirements,” IEEE Access, vol. 6,
pp. 51069–51083, Sep. 2018.

[26] J. Z. Xu, W. C. Deng, C. X. Gao, F. Lu, J. Liang, C. Y. Zhao, and G. Li,
“Dual harmonic injection for reducing the submodule capacitor voltage
ripples of hybrid MMC,” IEEE Journal of Emerging and Selected Topics
in Power Electronics, vol. 9, no. 3, pp. 3622–3633, Jun. 2021.

[27] J. Z. Xu, W. C. Deng, G. Li, C. Y. Zhao, and C. R. Liu, “Optimal second-
harmonic current injection for capacitor voltage fluctuation reduction in
hybrid MMCs under grid-side SLG faults,” IEEE Transactions on Power
Delivery, vol. 37, no. 4, pp. 2857–2866, Aug. 2022.

[28] C. Zhao, F. Q. Gao, Z. X. Li, P. Wang, and Y. H. Li, “Modulation index
design of full-bridge MMC for capacitor voltage ripples reduction under
single-line-to-ground faults conditions,” IEEE Transactions on Power
Delivery, vol. 36, no. 3, pp. 1775–1784, Jun. 2021.

[29] M. Z. Lu, J. B. Hu, R. Zeng, and Z. Y. He, “Fundamental-frequency
reactive circulating current injection for capacitor voltage balancing in
hybrid-MMC HVDC systems during riding through PTG faults,” IEEE
Transactions on Power Delivery, vol. 33, no. 3, pp. 1348–1357, Jun.
2018.

[30] R. Mishra, K. M. Vaghasiya, and V. Agarwal, “A high voltage gain
capable MMC for offshore wind farms: frequency component analysis
and minimization of capacitor voltage ripple,” IEEE Transactions on
Industrial Electronics, vol. 69, no. 12, pp. 11957–11967, Dec. 2022.

[31] G. V. Bharath and P. T. Balsara, “Optimum injection of second har-
monic circulating current for reduction in submodule capacitor voltage
ripple in Over-modulated MMC,” in Proceedings of 2021 IEEE Energy
Conversion Congress and Exposition, 2021, pp. 2684–2689.

[32] T. Bandaru, D. Samajdar, P. B. S. Varma, T. Bhattacharya, and D. Chat-
terjee, “Optimum injection of second harmonic circulating currents for
balancing capacitor voltages in hybrid MMC during reduced DC voltage
conditions,” IEEE Transactions on Industry Applications, vol. 56, no. 2,
pp. 1649–1660, Mar./Apr. 2020.

[33] L. M. Yang, Y. H. Li, Z. X. Li, P. Wang, S. K. Xu, and R. F. Gou, “Loss
optimization of MMC by second-order harmonic circulating current
injection,” IEEE Transactions on Power Electronics, vol. 33, no. 7,
pp. 5739–5753, Jul. 2018.

Qiang Fan received the B.S. degree in Power
System and Automation from China University of
Mining and Technology, Beijing, China, in 2016 and
received the Ph.D. degree from the School of Electri-
cal and Electronic Engineering, North China Electric
Power University, Beijing, China, in 2023. He is
currently employed at the DC Technology Consult-
ing Center, State Grid Economic and Technological
Research Institute Co., Ltd., with his research focus
on control and protection system of VSC-HVDC.

Jianzhong Xu received the Ph.D. in electrical engi-
neering from NCEPU, Beijing, China, in 2014. He
is currently a professor with the State Key Labo-
ratory of Alternate Electrical Power System with
Renewable Energy Resources, NCEPU. His research
interests include electromagnetic transient equivalent
modeling, simulation, and analysis of HVdc grid.

Tian Liang received the B.Eng. degree in Electri-
cal Engineering from Nanjing Normal University,
Nanjing, Jiangsu, China, in 2011, the M.Eng. degree
from Tsinghua University, Beijing, China, in 2014,
the Ph.D. degree in Energy Systems from the Univer-
sity of Alberta, Edmonton, AB, Canada, in 2020. He
was with RTDS Technologies Inc., Winnipeg, MB,
Canada. He is now with CSG ELectric Power Re-
search Institute Co., Ltd., Guangzhou, Guangdong,
510663, China. His research interests include real-
time simulation of power systems, power electronics,

artificial intelligence, field-programmable gate arrays, and system on chip.



FAN et al.: CAPACITANCE REDUCTION METHOD ON HYBRID MMC TOPOLOGY WITH HIGH MODULATION RATIO 315

Venkata Dinavahi received the B.Eng. degree in
Electrical Engineering from the Visvesvaraya Na-
tional Institute of Technology (VNIT), Nagpur, In-
dia, in 1993, the M.Tech. degree in Electrical En-
gineering from the Indian Institute of Technology
(IIT) Kanpur, Kanpur, India, in 1996, and the Ph.D.
degree in Electrical and Computer Engineering from
the University of Toronto, Toronto, ON, Canada, in
2000. He is currently a Professor in energy systems
with the Department of Electrical and Computer
Engineering, University of Alberta, Edmonton, AB,

Canada. His research interests include real-time simulation of large-scale
power systems and power electronic systems, electromagnetic transients,
device-level modeling, machine learning, artificial intelligence, and parallel
and distributed computing. Dr. Dinavahi is a Fellow of the Engineering
Institute of Canada (EIC) and Asia-Pacific Artificial Intelligence Association
(AAIA). He is a Professional Engineer in the Province of Alberta, Canada.

Chengyong Zhao received the B.S., M.S., and Ph.D.
degrees in Power Systems and Its Automation from
NCEPU, Beijing, China, in 1988, 1993, and 2001,
respectively. From January 2013 to April 2013 and
September 2016 to October 2016, he was a Visiting
Professor with the University of Manitoba, Win-
nipeg, MB, Canada. Currently, he is a Professor with
the School of Electrical and Electronic Engineering,
NCEPU. His research interests include HVDC sys-
tems and DC grid.


