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Loss Optimization of MMC by Second-Order
Harmonic Circulating Current Injection

Limin Yang , Yaohua Li, Zixin Li , Senior Member, IEEE, Ping Wang, Shukai Xu, and Ruifeng Gou

Abstract—For high power voltage source converter based high
voltage direct current transmission systems, modular multilevel
converter (MMC) is the most popular circuit topology nowadays.
It is known that the existence of the second-order harmonic cir-
culating current (SHCC) component in the arm current of MMC
increases the loss of the converter. Conventionally, the SHCC com-
ponent eliminating methods are usually adopted to reduce the loss.
The relationship between the loss of MMC and the SHCC com-
ponent is analyzed first in this paper. The analysis shows that the
conventional eliminating methods are not optimal in terms of the
minimum loss of MMC. A loss optimization control scheme is also
proposed by injecting the optimal SHCC component into the arm
current of MMC, rather than eliminating the SHCC component of
the arm current. The simulation and experimental results of the
±350 kV/1000 MW MMC and the down-scaled MMC setup verify
the correctness and effectiveness of the proposed loss optimization
method under different operation conditions.

Index Terms—Circulating current injection, loss optimization,
modular multilevel converter (MMC).

I. INTRODUCTION

MODULAR multilevel converter (MMC) was first pre-
sented by Prof. R. Marquardt [1], which is a promising

topology for the voltage source converter based high voltage
direct current (VSC-HVdc) transmission systems. Compared to
the line commutated converter, two-level and three-level con-
verters, MMC has the characteristics of low harmonics, scal-
ability, and high reliability [2]–[5]. Hence, it has been widely
adopted in the applications of the integration of renewable re-
sources and the connections of asynchronous ac networks [6].

The schematic of MMC is presented in Fig. 1. It consists of six
arms. Each arm of the MMC has a total of N submodules (SMs)
and one inductor L0 . Every SM includes one capacitor, two
insulated gate bipolar translators (IGBTs) and two diodes. The
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Fig. 1. Circuit topology of MMC.

large amount of IGBTs and diodes produce great loss in MMC,
which mainly includes the conduction loss (PconT , PconD ) of the
IGBTs and diodes, IGBT switching loss (Esw ), and the reverse
recovery loss (Erec) of the diodes. The PconT and PconD are
determined by the arm current flowing through the IGBTs and
diodes in SMs, and the Esw and Erec are influenced by the aver-
age switching frequency and the switching current [7]. Because
of the sorting-based SM voltage balancing control method, a
single SM has a complex switching pattern [8]. It imposes great
challenge on the research of the loss characteristics of MMC.
The simulation look-up table method is widely used and ac-
cepted in studying the loss when MMC works under definite
operation conditions [9]–[11]. But, it cannot reveal the math-
ematical relationship between the loss and the two variables,
the arm current, and the average switching frequency of MMC
clearly. The loss analytical methods were proposed in [12]–
[14], which show the positive correlation relationship between
the loss of MMC and the RMS value of the arm current. Zyg-
manowski et al. [12] and Qiang et al. [14] also present that the
Esw and Erec increase with the average switching frequency.
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Reduction of the average switching frequency is one kind of
the methods to optimize the loss of MMC. The average switch-
ing frequency consists of two parts: the switching frequency for
modulation and for SM voltage balancing [15], [16]. The switch-
ing frequency for modulation is constant when MMC operates
under definite operation conditions. The switching frequency for
SM voltage balancing is influenced by the balancing methods,
which mainly include the methods based on pulse width mod-
ulation (PWM) [17], [18] and nearest level modulation (NLM)
[8], [19]–[22]. The SMs switch ON and OFF in every control cycle
with the voltage balancing strategies based on the level-shifted
PWM [17] and the phase-shifted PWM [18]. The high switching
frequency of PWM brings a lot of switching loss. So, these kind
of methods are not suitable for the MMC with large numbers of
SMs. The reduced switching frequency (RSF) voltage balancing
strategy based on NLM to reduce the switching loss is present
in [19]–[21]. The RSF strategy reduces the switching frequency
at the cost of the large fluctuation of the SMs’ voltage. Thus, the
RSF methods may threaten the safe operation of SMs when the
load is heavy. Qin [22] proposed a method to reduce the switch-
ing frequency in which an SM voltage band value was set. But it
is hard to determine the relationship between the switching fre-
quency and the band value. Li et al. [8] present a low switching
frequency (LSF) voltage balancing method, which introduces
the balancing adjusting SM number Nban . In every control cy-
cle, the number of SMs switched ON or OFF is fixed to Nban
for voltage balancing. In comparison with the RSF methods, the
ripple of SMs’ capacitor voltage can be reduced and the average
switching frequency of SMs can also be evaluated accurately by
using the LSF voltage balancing method.

Optimization of the arm current is the other kind of meth-
ods to reduce the loss of MMC. The arm current of MMC
mainly consists of the direct current component, the funda-
mental component, and the second-order harmonic circulating
current (SHCC) component. There are fixed values of the direct
current component and fundamental component in the arm cur-
rent under definite operation conditions of MMC. The SHCC
component is the only degree of freedom to reduce the loss of
MMC through optimizing the arm current. Studies have been
conducted on the relationship between the loss of MMC and the
SHCC component by using the simulation look-up table method
in [23] and [24], which point out that the loss can be reduced
by eliminating the SHCC component. Thus, the conventional
methods are presented in [19] and [25] to reduce the loss by
eliminating the SHCC component. Tu et al. [19] proposed a
closed-loop method based on proportional integral controller to
eliminate the SHCC component in rotating frame. This method
is suitable for the three-phase MMC under balanced conditions.
Li et al. [25] introduced a control strategy based on paralleled
proportional-resonant (PR) controller to eliminate the SHCC
component. It is implemented in the stationary frame and can
be applied to both single-phase and three-phase topologies. Yang
et al. [26] revealed the relationship between the loss of MMC
and the SHCC component as an inverter. The optimal SHCC
component is injected to the arm current to increase the effi-
ciency of MMC as an inverter. The SHCC injection method
has also been mentioned in [27]. However, the SHCC injection

method is used for mitigating the voltage fluctuation of SMs in
this paper and it is not mentioned to inject the optimal SHCC
component to minimize the loss of MMC.

According to the analysis of the aforementioned strategies to
reduce the loss of MMC, it is known that a deep study has been
carried out on the loss optimization schemes based on reduc-
ing the average switching frequency, while it is still necessary
to make more efforts in the loss optimization methods of in-
jecting the optimal SHCC component. This paper presents the
relationship between the loss of MMC and the amplitude and
phase of the SHCC component first based on the LSF voltage
balancing method [8]. The optimal amplitude and phase of the
SHCC component are derived under the condition that MMC
operates as an inverter and a rectifier, respectively. Then, the
loss optimization control strategy based on SHCC injection is
proposed. The effectiveness of the proposed loss optimization
method is verified by the computer simulation results based on
the time-domain simulation tool PSCAD/EMTDC, the real-time
hardware in the loop (HIL) test results, and the experimental re-
sults on ±350 kV/1000 MW MMC in the Luxi Back-to-Back
DC Asynchronous Networking Project [28]. Additionally, the
correctness of the proposed method is verified on a down-scaled
200 V/3.8 kW MMC setup.

This paper is organized as follows. The relationship between
the loss of MMC and the SHCC component is derived based
on the loss analytical methods proposed by [13] in Section II.
In Section III, the loss optimization scheme based on SHCC
injection is depicted. The±350 kV/1000 MW PSCAD/EMTDC
simulation results of the proposed control method are presented
in Section IV. In Section V, the HIL test results and experimental
results at the project site and on a down-scaled MMC setup are
provided. Finally, the conclusions are drawn in Section VI.

II. LOSS OF MMC AND THE OPTIMAL SHCC COMPONENT

A. Loss of MMC

The loss of MMC studied in this paper mainly refers to the
SMs’ loss produced by the IGBTs and diodes in the SMs, which
include the conduction loss (PconT , PconD ) of the IGBTs and
diodes, IGBT switching loss (Eon , Eoff ), and the reverse re-
covery loss (Erec) of the diodes. The conduction characteristics
of single IGBT and diode are expressed as (1) by linear fitting
from the datasheet offered by the semiconductor device manu-
facturer. Here, k1 − k4 are the linear fitting coefficients, Vce and
VF are the forward voltage drop of the IGBT and diode, and Ic
is the conduction current{

Vce = k1Ic + k2

VF = k3Ic + k4
. (1)

The upper and lower arms of phase A are named as arm AU
and AL. Similarly, the upper and lower arms of phase B and
C are named as arm BU, BL, CU and CL respectively. Take
the arm AU for example, the conduction current Ic is equal
to the absolute value of the arm current |iau(t)|. Thereby, the
conduction loss pconIGBT , pconDiode of IGBT and diode devices



YANG et al.: LOSS OPTIMIZATION OF MMC BY SECOND-ORDER HARMONIC CIRCULATING CURRENT INJECTION 5741

can be calculated by{
pconIGBT = fconT (|iau(t)|) = k1 |iau(t)|2 + k2 |iau(t)|
pconDiode = fconD (|iau(t)|) = k3 |iau(t)|2 + k4 |iau(t)|

.

(2)
The turn-on loss eonIGBT , turn-off loss eoffIGBT of the IGBT,

and the reverse recovery loss erecDiode of diode devices can be
expressed by quadratic curve fitting relationship as (3), where
λ1 − λ9 are the fitting coefficients of IGBT and diode devices⎧⎪⎪⎨
⎪⎪⎩

eonIGBT = fon (|iau(t)|) = λ1 |iau(t)|2 + λ2 |iau(t)| + λ3

eoffIGBT = foff (|iau(t)|) = λ4 |iau(t)|2 + λ5 |iau(t)| + λ6

erecDiode = frec (|iau(t)|) = λ7 |iau(t)|2 + λ8 |iau(t)| + λ9

.

(3)
According to the LSF voltage balancing method [8], the total

number of the switching SMs and the put-in SMs can be cal-
culated in terms of the whole arm during every control period
Tc . So, the total conduction loss Pcon and the total switch loss
Psw of the MMC can be derived as (4) [13] by computing the
integral of (2) and (3)⎧⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎩

Pcon = PconT + PconD = Ccon1I
2
au RMS

+Ccon2Iau absAVE + Ccon3

Psw = (Eon + Eoff + Erec)/Tf = CswTotal1I
2
au RMS

+CswTotal2Iau absAVE + CswTotal3

(4)

where Tf is the fundamental cycle; the nonnegative Ccon1 ,
Ccon2 , and Ccon3 are the coefficients of the conduction loss,
which are the functions of the SM number N, active power
P, modulation ratio m, system parameters and the fitting co-
efficients k1 − k4 ; the nonnegative CswTotal1 , CswTotal2 , and
CswTotal3 are the coefficients of the switching loss, which are
the functions of N, m, Nban , the rated voltage UsmN of SMs,
system parameters and the fitting coefficients λ1 − λ9 ; Iau RMS
above is the RMS value of iau(t); and Iau absAVE is the mean
value of |iau(t)|.

When the MMC operates normally, the total loss is related to
the arm current of MMC. According to the mean value theorem
for integral, it can be easily proved that Iau RMS = ξIau absAVE ,
ξ > 0, and ξ is a variable depending on the MMC operation con-
dition. Thus, the total loss Ploss of MMC can be calculated by

Ploss = (Ccon1 + CswTotal1) ξ2I2
au absAVE + (Ccon2

+ CswTotal2)Iau absAVE + (Ccon3 + CswTotal3) .
(5)

If the modulation method, voltage balancing method, and
the operation condition of the MMC are determined, there is a
positive correlation relationship between the loss of MMC and
the Iau absAVE .

The upper arm current of the phase A is described in Fig. 2 and
expressed by iau(t) = Idca + Imsin(ωt + ϕ) + I2msin(2ωt +
δ). Idca is the direct current component, Im and ϕ are the
amplitude and phase of the fundamental component, and I2m
and δ are the amplitude and phase of the SHCC component.

Fig. 2. Diagram of the arm current iau (t).

The Iau absAVE can be calculated by

Iau absAVE =
1
Tf

∫ t1 +Tf

t1

|iau(t)|dt = Idca

+
2
Tf

∫ t2

t1

[−iau(t)]dt = Idca + Sshadow . (6)

The t1 , t2 above are the zero-crossing point of iau(t). Sshadow
is the negative area of iau(t), as shown in Fig. 2. The conclusion
can be drawn that there exists positive correlation relationship
between the loss of MMC and the Sshadow from (5) and (6).

B. Optimal SHCC Component

As is known, if the output power of the MMC has been
set, the values of Idca , Im , and ϕ are definite. Thereby, the
minimum point of the Sshadow , that is the minimum loss of
MMC, depends on the amplitude and the phase of the SHCC
component. Substitute the expression of iau(t) into (6), then
Sshadow is derived as

Sshadow =
2
T

∫ t2

t1

(−iau(t))dt = −2Idca

T
(t2 − t1)

+
Im

π
[cos(ωt2 + ϕ) − cos(ωt1 + ϕ)]

+
I2m

2π
[cos(2ωt2 + δ) − cos(2ωt1 + δ)] . (7)

Due to the symmetry of the trigonometric function, it can
be known that Sshadow is completely symmetric about the axes
ωt = −ϕ + 5π/4 when δ ∈ [2ϕ − 7π/2, 2ϕ − 5π /2] and δ ∈
[2ϕ − 5π/2, 2ϕ − 3π/2]. So, take the interval of δ ∈ [2ϕ −
5π/2, 2ϕ − 3π/2] into consideration, when iau(t) = 0 and the
MMC operates normally, the approximate root of t1 , t2 can be
calculated as follows.
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1) δ ∈ {2ϕ − 5π/2, 2ϕ − 5π/2 + 2arcsin[(I2m +
Idca)/Im ]}⎧⎪⎪⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎪⎪⎩

t1 = − 1
ω (q1 +q2 )

{
0.5q2

(
δ + π

2

)
+ q1

[
ϕ − π

+arcsin
(

I2 m −Id c a
Im

)]
− 2I2m

}
t2 = − 1

ω (q1 +q2 )

{
0.5q2

(
δ − π

2

)
+ q1

[
ϕ

+arcsin
(

I2 m +Id c a
Im

)]
− 2I2m

}
. (8)

2) δ ∈ {2ϕ − 5π/2 + 2arcsin[(I2m + Idca)/Im , 2ϕ −
3π/2 + 2arcsin[(I2m − Idca)/Im ]}⎧⎪⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎪⎩

t1 = − 1
ω (q1 +q2 )

{
0.5q2

(
δ + π

2

)
+ q1

[
ϕ − π

+arcsin
(

I2 m −Id c a
Im

)]
− 2I2m

}
t2 = 1

ω (q1 −q2 )

{
0.5q2

(
δ − 3π

2

)
+ q1

[
ϕ

− arcsin
(

I2 m +Id c a
Im

)]}
. (9)

3) δ ∈ {2ϕ − 3π/2 + 2arcsin[(I2m − Idca)/Im], 2ϕ −
3π/2}⎧⎪⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎪⎩

t1 = 1
ω (q1 −q2 )

{
0.5q2

(
δ − π

2

) − q1

[
ϕ − π

+arcsin
(

I2 m −Id c a
Im

)]}
t2 = 1

ω (q1 −q2 )

{
0.5q2

(
δ − 3π

2

)
+ q1

[
ϕ

−arcsin
(

I2 m +Id c a
Im

)]}
. (10)

In (8)–(10), the parameters q1 and q2 meet{
q1 = 2I2 m

arcsin I 2 m −I d c a
I m

+arcsin I 2 m + I d c a
I m

q2 = 4I2 m

π

. (11)

According to (7)–(11), the derivative dSshadow/dδ can be
calculated as an inverter and a rectifier, respectively. As an
inverter, Idca > 0. And when δ ∈ [2ϕ − 7π/2, 2ϕ − 5π/2],
dSshadow/dδ < 0, i.e., the Sshadow decreases monotonically;
when δ ∈ [2ϕ − 5π/2, 2ϕ − 3π/2], dSshadow/dδ > 0, i.e.,
the Sshadow increases monotonically. So, if the MMC oper-
ates as an inverter, the Sshadow and the loss of MMC reach the
minimum point at

δInv Min = 2ϕ − π/2 ± 2kπ(k = 0, 1, 2, 3 . . .). (12)

The Sshadow and the loss of MMC reach the maximum
point at

δInvMax = 2ϕ + π/2 ± 2kπ(k = 0, 1, 2, 3 . . .). (13)

As a rectifier, Idca < 0. And when δ ∈ [2ϕ − 7π /2, 2ϕ −
5π /2], dSshadow/dδ > 0, i.e., the Sshadow increases monotoni-
cally; when δ ∈ [2ϕ − 5π /2, 2ϕ − 3π /2], dSshadow/dδ < 0,
i.e., the Sshadow decreases monotonically. So, if the MMC op-
erates as a rectifier, the Sshadow and the loss of MMC reach the
minimum point at

δRecMin = 2ϕ + π/2 ± 2kπ(k = 0, 1, 2, 3 . . .). (14)

TABLE I
PARAMETERS OF THE MMC FOR SIMULATIONS AND EXPERIMENTS

Parameter Value

Rated power, P [MW] 1000
AC output line to line voltage, Us [kV] 375
AC equivalent inductance, L [mH] 0.25
DC voltage, Udc [kV] 700
Number of SMs per arm, N 468
Rated number of redundant SMs, NfN 30
SM capacitance, C0 [mF] 12
Arm inductance, L0 [mH] 105
Rated SM capacitor voltage, UsmN [V] 1600
Balancing adjusting number, Nban 6
Control cycle, Tc [μs] 100

The Sshadow and the loss of MMC reach the maximum
point at

δRecMax = 2ϕ − π/2 ± 2kπ(k = 0, 1, 2, 3 . . .). (15)

Because of the symmetry of the optimal phase δ when MMC
works as an inverter and a rectifier, the loss of MMC reaches
the minimum point at the same value of the amplitude of the
SHCC. Take the optimal phase δ as an inverter, for exam-
ple, when δ is equal to 2ϕ − π/2 ± 2kπ (k = 0, 1, 2, 3 . . .),
the arm current can be given as iau(t) = Idca + Im sin(ωt +
ϕ) − I2m [1 − 2sin2(ωt + ϕ)]. The root of iau(t) = 0 can be
expressed as⎧⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎩

t1 = − 1
ω (q1 +q2 )

{
q2ϕ − 2I2m q1

[
ϕ − π

+arcsin
(

I2 m −Id c a
Im

)]}
t2 = − 1

ω (q1 +q2 )

{
q2

(
ϕ − π

2

) − 2I2m q1

[
ϕ

+arcsin
(

I2 m +Id c a
Im

)]}
. (16)

The derivative dSshadow/dI2m can be derived from (7) and
(16). When dSshadow/dI2m = 0, the optimal I2m can be calcu-
lated as (17) approximately

I2mMin

= Im sin

⎡
⎣1.2

√
−

(
arcsin

Idca

Im

)2

+ 2.1 arcsin
Idca

Im
+ 1.35

− 0.09 arcsin
Idca

Im
− 1.39

]
. (17)

C. Verification of the Optimal SHCC Component

To prove the aforementioned analysis of the optimal phase
and amplitude of the SHCC component, computer simula-
tion is carried out first in the time-domain simulation software
PSCAD/EMTDC. The loss of MMC is calculated by the simu-
lation look-up table method [9], [11]. The MMC circuit is the
same as that in Fig. 1. The simulation results are presented in
Figs. 3–6 by using the parameters listed in Table I. The IGBT
devices used in this paper are Infineon FZ1500R33HL3.
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Fig. 3. Relationship between the loss of MMC and the phase of the SHCC
component under rated 1000 MW. (a) Rectifier. (b) Inverter.

Fig. 4. Relationship between the Sshadow and the phase of the SHCC com-
ponent under rated 1000 MW. (a) Rectifier. (b) Inverter.

Under the condition that the MMC operates as a rectifier under
rated power 1000 MW, the loss of MMC can be calculated by
the simulation look-up table method. If the percentage “p” of
I2m to Im is kept at 30%, the relationship between the loss of
MMC, the Sshadow of iau(t), and the phase δ = φ · π/180 ◦ of
the SHCC component are shown as Figs. 3(a) and 4(a). If the
phase δ of the SHCC component is set at the optimal point δ =
2ϕ + π/2 , the curves of the loss of MMC and the Sshadow of
iau(t) with different amplitudes, i.e., percentage “p,” are given
as Figs. 5(a) and 6(a).

Fig. 5. Relationship between the loss of MMC and the amplitude of the SHCC
component under rated 1000 MW. (a) Rectifier. (b) Inverter.

Fig. 6. Relationship between the Sshadow and the amplitude of the SHCC
component under rated 1000 MW. (a) Rectifier. (b) Inverter.

Similarly, if the percentage “p” is kept at 30% under rated
1000 MW as an inverter, the loss of MMC and the Sshadow of
iau(t) under different phases δ = φ × π/180 ◦ are shown as
Figs. 3(b) and 4(b). If the phase δ is set to the optimal point δ
= 2ϕ − π/2 under rated 1000 MW as an inverter, the curves
of the loss of MMC and the Sshadow of iau(t) with different
amplitudes are given as Figs. 5(b) and 6(b).

Take the phase of ac grid voltage as the reference value, the
phase ϕ is measured in the simulation when the MMC operates
under the rated power and unity power factor. The measured val-
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Fig. 7. Proposed loss optimization scheme based on the SHCC injection.

ues of the phase ϕ are equal to 0.7° × π/180° as a rectifier and
−1.6° × π/180° as an inverter. According to (12)–(15), the cal-
culated values of the phase δ are given as follows. If δRecMin =
2ϕ + π/2= 2 × 0.7 ◦× π/180 ◦+ π/2 = 0.508π, i.e., φRecMin
= 91.4 deg, the loss of MMC and Sshadow is minimum as a
rectifier. If δInvMin = 2ϕ − π/2 = 2 × (−1.6 ◦) × π/180 ◦

− π/2 = −0.518π, i.e., φInvMin = −93.2 deg, the loss of
MMC and Sshadow is minimum as an inverter. Additionally,
the loss of MMC and Sshadow reach the maximum point if
δRecMax = 2ϕ − π/2 = 2 ×1.4 ◦×π/180 ◦ − π/2 =−0.492π,
i.e., φRecMax = −88.6 deg as a rectifier and δInvMax =
2ϕ + π/2 = 2 × (−1.6 ◦) × π/180 ◦ + π/2 = 0.482π, i.e.,
φInvMax = 86.8 deg as an inverter. It is seen from Figs. 3 and 4
that the actual value of φRecMin approaches to 95° as a rectifier
and φInvMin is around −103° as an inverter in the simulation.
There exists the positive correlation relationship between the
loss of MMC and Sshadow , if the MMC operates under the con-
dition that the phase δ changes from 0 to 2π and the percentage
“p” of I2m to Im is kept to be constant. And the differences are
less than 10° between the calculated values and the actual value
of the optimal phase of the SHCC component in the simulation.

Figs. 5 and 6 show that the loss of MMC and Sshadow decrease
with the amplitude I2m increasing from 0 to about 0.3Im under
the condition that the phase δ is set to be the optimal value. If
the amplitude I2m becomes greater than about 0.3Im , the loss
of MMC increases rapidly while the Sshadow increases not ob-
viously. Thereby, the actual value of the optimal I2m is equal
to about 0.3Im in the computer simulation, that is if the MMC
operates at the point Op inject (p = 30%), the loss is minimum.
During normal operation as a rectifier and an inverter, the am-
plitude Im is about 1086 A under rated 1000 MW, and the dc
component |Idca | is around 476 A in the arm current. According
to (17), the calculated value of the optimal I2m is equal to 0.302
Im , which has a good agreement with the simulation results. It
is also seen from Figs. 5 and 6 that if the conventional method
of eliminating the SHCC component is adopted, the MMC will
operate at the point Op eliminate where the loss is higher than
the optimal point Op inject . Thus, the correctness of the analysis
has been verified about the relationship between the amplitude
I2m and the loss of MMC and Sshadow .

III. PRESENTED LOSS OPTIMIZATION SCHEME

The SHCC component is caused by the mismatch between the
phase arm voltage and the dc voltage. Different SHCC compo-

Fig. 8. Block diagram of the loss optimization closed-loop controller.

nents can be injected into the arm current by adjusting the phase
arm voltage. The proposed loss optimization scheme based on
SHCC injection is shown in Fig. 7, which includes two parts:
the generation of the optimal SHCC reference value and the
injection of the optimal SHCC component. The control method
based on the PR controller presented in [25] is used to inject the
SHCC component into the arm current in this paper. And the
LSF voltage balancing method in [8] is adopted to generate the
switching pulse signals. In fact, the reference value i2f ref is set
to be zero to eliminate the SHCC component of the arm current
in the conventional loss optimization method, while the i2f ref
is set to be the optimal value by the proposed loss optimization
method in this paper. The analysis above shows that the loss of
MMC has a good agreement with the Sshadow , but there still ex-
ist small differences between the actual values and the calculated
values of the optimal phase and amplitude of the SHCC compo-
nent. So, the loss optimization close-loop controller is designed
to generate the optimal reference value i2f ref by minimizing
the Sshadow under different operation conditions.

The loss optimization close-loop controller is shown in Fig. 8.
The control cycle of the controller is the fundamental cycle
Tf . In every control cycle Tf , the initial values of the optimal
phase and amplitude are first extracted from the arm current
iau , ibu , and icu according to (12), (14), and (17); then, the
adjusting values Δδ and ΔI2m are determined by the Sshadow
minimizing controller; and at last, the optimal reference value
i2f ref is generated by the optimal phase δMin and amplitude
I2mMin of the SHCC component. In the extraction of the initial
phase, the phase of the fundamental component in arm current
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Fig. 9. Implementation method of the Sshadow minimizing controller.

is calculated as ωt + ϕ by the phase-locked loop method [29].
According to (12) and (14), the initial phase 2ωt + δ0 can be
expressed by 2(ωt + ϕ) + 0.5π as a rectifier and 2(ωt + ϕ) −
0.5π as an inverter. The values of Im and Idca are necessary for
calculating the initial value I2m0 from (17). Idca = [iau(t) +
ibu(t) + icu(t)]/3. The value of Im is equal to the modulus of
the idu and iqu , i.e., (i2du + i2qu)0.5 . The components idu and
iqu in rotating frame are calculated by the Park transformation
of the upper arm currents of three phases and loss-pass filters
(LPFs). The cutoff frequency of the LPFs is 10 Hz.

The aim of the Sshadow minimizing controller is to modify
the differences between the initial values and the optimal val-
ues of the δ and I2m by the feedback of the arm current. The
implementation process includes two steps. Step 1: under the as-
sumption that ΔI2m is equal to zero, the adjusting value Δδ can
be determined by the method shown in Fig. 9(a). This method
introduces the error dS of the Sshadow in the current control
cycle nTf and in the last control cycle (n − 1)Tf as the judg-
ment condition of ending the adjustment of ΔI2m . If dS < ε
(ε = 0.01 here), the current Δδ(nTf ) is the target value; else
the error dδ of the Δδ[(n − 1)Tf ] and Δδ[(n − 2)Tf ] is also
needed to be considered. If the Sshadow increases (dS>0) with
the decreasing of the Δδ (dδ <0), or the Sshadow decreases
(dS<0) with the increasing of the Δδ (dδ >0), the Δδ should
be increased by Cδ (Cδ = 2 ◦ × π/180 ◦ = 0.0349) in the cur-
rent control cycle. Else if the Sshadow increases (dS >= 0) with
the increasing of the Δδ (dδ >= 0), or the Sshadow decreases
(dS <= 0) with the decreasing of the Δδ (dδ <= 0), then the
value of Δδ should be decreased by Cδ in the current control
cycle. Step 2: when the adjustment of the value of Δδ has

finished, the adjusting value ΔI2m can be determined by the
similar approach shown in Fig. 9(b), where CI2m = 5 A.

IV. SIMULATION RESULTS

In order to verify the performance of the proposed loss opti-
mization method, computer simulations of ±350 kV/ 1000 MW
MMC are carried out first in the time-domain simulation soft-
ware PSCAD/EMTDC. The main circuit topology of the MMC
is the same as Fig. 1 and the parameters are listed in Table I. The
simulation results are shown in Figs. 10–15. In the simulation,
the control scheme of eliminating the SHCC component or in-
jecting the optimal SHCC component is adopted at t = 2 s. The
calculation cycle of the Sshadow is Tf = 0.02 s and the calcula-
tion cycle of the loss of MMC is 5Tf = 0.1 s. Thus, the waves
of the Sshadow and the loss of MMC Ploss lag behind the upper
arm current iarmU .

Figs. 10 and 11 demonstrate the simulation results as a recti-
fier under rated 1000 MW by adopting the conventional method
of eliminating the SHCC component and the proposed con-
trol scheme based on the optimal SHCC component injection.
Comparing the two figures, it is seen that the fluctuation of the
SM voltage usmAU is reduced from 295 V (1780 V–1485 V)
to 194 V (1714 V–1520 V) by injecting the optimal SHCC
component and 248 V (1752 V–1504 V) by eliminating the
SHCC component. The response time of the Sshadow mini-
mizing controller in the proposed control scheme is less than
0.1 s. And the loss Ploss is reduced by around 0.94 MW, i.e.,
13.4% = (7.01 MW − 6.07 MW)/ 7.01 MW, with the proposed
control scheme as a rectifier under rated power, whereas the
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Fig. 10. Simulation results of eliminating the SHCC component at t = 2 s as
a rectifier under rated 1000 MW.

Fig. 11. Simulation results of injecting the optimal SHCC component at t =
2 s as a rectifier under rated 1000 MW.

Ploss is reduced by about 0.66 MW, i.e., 9.4% = (7.01 MW −
6.35 MW)/ 7.01 MW, with the conventional method.

From the simulation results shown in Figs. 12 and 13,
it is clear that the fluctuation of the SM voltage usmAU

Fig. 12. Simulation results of eliminating the SHCC component at t = 2 s as
an inverter under rated 1000 MW.

Fig. 13. Simulation results of injecting the optimal SHCC component at t =
2 s as an inverter under rated 1000 MW.
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Fig. 14. Histogram of the loss calculated under different power factor angles
when the apparent power of MMC S = 1000 MVA with three different control
schemes.

is reduced from 302 V (1712 V–1410 V) to 213 V (1685
V–1472 V) by adopting the conventional method if the
MMC operates as an inverter under rated 1000 MW. And
the loss Ploss of MMC is reduced by about 0.69 MW,
i.e., 8.5% = (8.10 MW- 7.41 MW)/ 8.10 MW, with the con-
ventional method. Comparing with the performance of the
conventional method, the fluctuation of the SM voltage is
reduced from 302 V to 170 V (1668 V–1498 V), the re-
sponse time of the Sshadow minimizing controller is less than
0.1 s, and the loss Ploss is reduced by around 0.96 MW, i.e.,
11.9% = (8.10 MW- 7.14 MW)/ 8.10 MW, with the proposed
control scheme as an inverter under rated power.

The simulation results of the loss of MMC have been com-
pared under different power factor angles with three control
schemes in Fig. 14. The first control scheme is that the MMC
operates normally with the inherent SHCC component, the
second scheme is the conventional method of eliminating the
SHCC component, and the third scheme is the proposed loss
optimization method based on injecting the optimal SHCC
component. The phase of the ac grid voltage is taken as the
reference value in this paper, so the power factor angle θ is
equal to ϕ×180°/π. When the MMC outputs apparent power
S = 1000MVA to the ac side grid, the loss of MMC can be
reduced by both the second and third control schemes un-
der different power factor angles. According to Fig. 14, it
is clear that if the MMC operates at θ = 90 ◦ or θ = 270 ◦,
Idca = 0, and the optimal I2m is equal to 0.0043 Im from (17).
The optimal operation point Op inject is very near to the point
Op eliminate (I2m = 0Im ), so the performance of the proposed
scheme is better but not much than the conventional method at
θ = 90 ◦ or θ = 270 ◦. The advantage of the presented method
becomes more and more apparent with the increase of the ac-
tive power of the MMC, and the performance of the proposed
scheme is best at θ = 0 ◦ or θ = 180 ◦, that is, the output active
power reaches the rated power.

The SM fault is one of the common faults of MMC. Redun-
dant SMs are set to improve the reliability and performance of
MMC. If the number of the fault SMs is less than NfN , MMC

Fig. 15. Simulation results of injecting the optimal SHCC component at t =
2 s under the SMs’ fault conditions. (a) Rectifier. (b) Inverter.

can operate normally but the fundamental fluctuation will be
induced in the dc component of the arm current [30]. So, it is
necessary to study the performance of the proposed scheme un-
der the SM fault conditions. Take a typical fault condition for
example, that is, NfN = 30 SMs break down on the upper arm
of phase A, the lower arms of phase B and C respectively, the
simulation results are shown in Fig. 15. It is clear from the arm
currents iarmU and the common mode components icom that
the optimal SHCC can be injected into the arm current by the
proposed scheme under the SM fault conditions. And the power
loss of MMC is reduced by about 0.96 MW as a rectifier and
about 0.95 MW as an inverter by adopting the loss optimization
method under the fault conditions. Therefore, the correctness of
the proposed scheme is verified under the SM fault conditions.

V. EXPERIMENTAL VERIFICATION

In order to verify the correctness of the presented loss opti-
mization method in Section III and the analysis in Section IV
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Fig. 16. Valve tower of the Guangxi side MMC at Luxi HVdc Project site.
(a) MMC valve. (b) Valve control and protection system.

further, the experiments and the HIL tests have been carried out.
The accuracy of the simulation look-up table method [9]–[11]
is tested by the experimental results of the MMC at the project
site. The presented loss optimization method is verified by the
results of the HIL tests and a down-scaled MMC setup. The
main circuit topology of the MMC is the same as Fig. 1 in the
HIL tests and the experiments at the project site. The parameters
are listed in Table I.

A. Experimental Results at the Project Site

The calculation of the loss of MMC is mainly based on the
simulation look-up table method in this paper. The accuracy
of the simulation look-up table method is vital for the analysis
of the proposed loss optimization method. So, the experiments
are carried out to verify the accuracy of the simulation look-
up table method at the Luxi Back-to-Back DC Asynchronous
Networking Project site [28]. This project is used to connect the
Yunnan Power Grid and CSG Main Grid. The two-side MMCs
of the VSC-HVdc unit are the Yunnan side MMC as a rectifier
and the Guangxi side MMC as an inverter in this project. The
topology and the system parameters of the Guangxi side MMC
are the same as those in the simulation. Fig. 16 shows the valve
and the control and protection system of the Guangxi side MMC.

The water cooling system is installed on the MMC valve
tower to take away the heat produced by the IGBT modules
in SMs. The loss of MMC, which mainly refers to the loss
of IGBTs and diodes in the SMs in this paper, can be cal-

Fig. 17. Experimental results of the Guangxi side MMC under rated 1000 MW.
(a) Upper arm current. (b) SMs’ average voltage of six arms of MMC.

Fig. 18. Experimental results of the water cooling system for the Guangxi
side MMC valve at Luxi HVdc Project site.

culated by the data of the water cooling system in thermal
equilibrium. The data include the inlet water temperature of
the water cooling system Tin( ◦C), the outlet water temperature
Tout(◦C), the flow rate F(L/s), the specific heat capacity of
the water c = 4200 J/(kg �◦ C), and the density of the water
ρwater = 1 kg/L. Although the water cooling system contacts
with the substrate of IGBT module directly, it cannot take away
the total heat. There is about 5% of the heat dissipating into
air, which is measured by the manufacturer of the water cooling
system at the project site. So, the water cooling system takes
away 95% of the heat produced by the MMC.

Due to the limit of the operation regulation, the data of
the Guangxi side MMC is available under the condition
that the MMC operates with the control method of elimi-
nating the SHCC component as an inverter. The upper arm
current and the SM’s average voltage are given in Fig. 17
under rated 1000 MW. Fig. 18 shows the data of the wa-
ter cooling system in thermal equilibrium. Tin = 34.4 ◦C,
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Fig. 19. HIL test platform based on the RT-LAB (OP7000) and the MMC
control and protection system.

Tout = 41.8 ◦C, and F = 236.4 L/s. The loss of MMC can be
calculated as Ploss = (Tout − Tin)Fcρwater/95% = (41.8 ◦C
− 34.4 ◦C) × 236.4L/s × 4200 J/(kg ·◦ C) × 1 kg/L/95% =
7.73 MW. The value of the loss is 7.41 MW calculated by
the simulation look-up table method. The calculation error
of the method is about (7.73 − 7.41)/7.73 × 100% = 4.1%.
Hence, the simulation look-up table method has high accuracy
in calculating the loss of MMC.

B. HIL Test

The correctness of the proposed scheme has been proved in
the computer simulation above. However, the control and pro-
tection system at the project site is greatly different from the
computer simulation in the generation and transmission process
of the switching signals of all SMs. It imposes high requirements
on the design of the presented controller. So, the effectiveness of
the proposed method still needs to be verified further in the con-
trol system at the project site. In this section, the proposed loss
optimization scheme is verified on the RT-LAB (OP7000) based
HIL test platform. The MMC control and protection system and
the RT-LAB (OP7000) are shown in Fig. 19. The main circuit of
MMC is built in the RT-LAB (OP7000). The HIL test platform
has the same topology, parameters, control methods, and the
control and protection system as the experiments at project site.
Additionally, the proposed optimization scheme and the calcu-
lation of the loss of MMC are implemented in the MMC control
and protection system of the HIL test platform as well. The loss
of MMC is calculated by the simulation look-up table method.
The exchanged data, such as the switching signals, the voltage,
and state of the SMs, are transmitted by the high-speed optimal
fiber between the RT-LAB (OP7000) and the MMC control and
protection system.

Figs. 20 and 21 show the HIL test results of the proposed loss
optimization scheme. It is seen from Fig. 20 that if the MMC
operates as a rectifier under rated 1000 MW, the loss of MMC
Ploss reduces to about 6.45 MW and the Sshadow reduces to
12.5 kA�s by adopting the conventional method to eliminate the
SHCC component; the loss Ploss reduces to about 6.15 MW,

Fig. 20. HIL test results of adopting the proposed loss optimization scheme
as a rectifier under rated 1000 MW.

Fig. 21. HIL test results of adopting the proposed loss optimization scheme
as an inverter under rated 1000 MW.
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Fig. 22. Output current and voltage in the grid and dc side as a rectifier under
rated 1000 MW during t = 35 − 35.2 s.

the Sshadow reduces to 11.8 kA�s, and the average frequency
fave of the SMs decreases by about 10 Hz by the presented
loss optimization method based on injecting the optimal SHCC
component. If the MMC operates as an inverter under rated
1000 MW, Fig. 21 shows that the loss of MMC Ploss reduces
to about 7.54 MW and the Sshadow reduces to 2.8 kA�s by
using the conventional method; the average frequency fave of
the SMs can be reduced by about 10 Hz, the loss Ploss can be
reduced to about 6.85 MW, and the Sshadow reduces to 2.0 kA�s
by the presented loss optimization method. Compared with the
simulation results in Section IV, the calculation errors of the
loss in the HIL test are less than 5%. It is seen from Figs. 22 and
23 that the output ac current, the ac voltage, the dc voltage and
current are not affected by the injection of the optimal SHCC
component. Thus, the results of the HIL test prove that the
presented method has better performance than the conventional
method in reducing the loss of MMC. Meanwhile, the results
also verify the effectiveness of the proposed loss optimization
controller in the engineering application.

C. Experimental Results of a Down-Scaled MMC Setup

The proposed loss optimization control scheme is verified
on a down-scaled MMC setup as well. Fig. 24 shows the main
circuit of the MMC setup, where a diode rectifier is connected
to the ac grid of 380 V and the MMC inverter is connected to
the resistance load RL = 2.5Ω. The MMC consists of six arms,
each formed by two series-connected SMs and one arm inductor
Larm = 4 mH. The rated dc voltage is 200 V, the rated SM

Fig. 23. Output current and voltage in the grid and dc side as an inverter under
rated 1000 MW during t = 35 − 35.2 s.

capacitor voltage is 100 V, the capacitance of SM is 6.72 mF,
and the capacitance of C1 is 5.4 mF. The photographs of the
MMC setup are shown in Fig. 25.

The IGBT module used in the MMC setup is Infineon
F475R06W1E3, in which there is an inner thermistor Rt . In
order to measure the inner temperature of the IGBT module by
using the thermistor Rt , the measuring circuit is designed in
the SM board, as shown in Fig. 25. The value of the voltage
Vt can be obtained by the monitor system, then the value of
Rt is equal to VtRt/(5 − Vt). According to the thermistor tem-
perature characteristic T = f(Rt) in the datasheet of Infineon
F475R06W1E3, the inner temperature of IGBT can be measured
before and after the proposed loss optimization control scheme
is adopted. The experimental results are shown in Figs. 26
and 27.

Fig. 26 illustrates the waveforms of the arm current iau , ial ,
and the output voltage uv ab , uv bc of the MMC setup before and
after the presented control scheme is adopted. From Fig. 26(a),
it is clear that the amplitude of the inherent SHCC component
is near to zero, which is resulted from the parameters of SMs’
capacitor and the arm inductor. The peak value of the uv ab is
around 138 V, so the MMC output power is about 3.84 kW in the
experiment. It is also seen that the optimal SHCC component
can be injected into the arm current by the proposed method
without the current surge. And the output voltage is not affected
by the proposed method. Thus, the controller of loss optimiza-
tion has a good performance when injecting the optimal SHCC
component.
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Fig. 24. Main circuit of the down-scaled MMC setup.

Fig. 25. Photographs of the MMC setup.

Fig. 26. Arm current iau , ial and the output voltage uv ab , uv b c of the MMC
setup. (a) Before the proposed control scheme is adopted. (b) After the proposed
control scheme is adopted.

Fig. 27. Experimental results in the MMC setup: (a) temperature values of all
SMs; and (b) current waveform of the arm AU.

Fig. 27 indicates the temperature waveforms of all SMs and
the current waveform of the arm AU when the optimal SHCC
component is injected into the arm current. From Fig. 27(a),
the maximum temperature value of all SMs is 49.8 °C, and the
minimum value is 45.5 °C when the MMC is in the thermal
equilibrium state before the presented loss optimization con-
trol scheme is adopted. After the optimal SHCC component is
injected into the arm current, the maximum and minimum tem-
perature values are reduced to 49.2 and 45.0 °C, respectively
in the thermal equilibrium state. The temperature of every SM
is reduced by 0.4 °C averagely when using the proposed loss
optimization control scheme. Thus, the experimental results of
the down-scaled MMC setup verify the effectiveness of the pro-
posed loss optimization control scheme based on the optimal
SHCC injection.

VI. CONCLUSION

In this paper, the analysis on the relationship between the
loss and the arm current of MMC demonstrates that the loss
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and the negative area Sshadow of the arm current are positively
correlated. The optimal values of the phase and amplitude of
the SHCC component are derived by minimizing the Sshadow ,
whereas the optimal value of the amplitude is not zero. A loss
optimization control scheme is also proposed by injecting the
optimal SHCC component into the arm current of MMC. The
effectiveness and correctness of the proposed method are veri-
fied by the computer simulation, the HIL test, and a down-scaled
MMC setup. The simulation and HIL test results show better
performance over the conventional method of eliminating the
SHCC component in terms of reducing the loss of MMC. It is
also observed that the loss of MMC can be reduced by around
10% by adopting the presented method under rated 1000 MW
in comparison with the operation condition with the inherent
SHCC component. The experimental results of the down-scaled
MMC setup illustrate that the temperature of all SMs can be
reduced by adopting the proposed loss optimization control
scheme.

ACKNOWLEDGMENT

The authors would like to express heartfelt thanks to the China
Southern Power Grid Company, Ltd., and the Xi’an XD Power
Systems Company, Ltd. for providing help to finish the experi-
ments at the Luxi Back-to-Back DC Asynchronous Networking
Project site for this paper.

REFERENCES

[1] A. Lesnicar and R. Marquardt, “An innovative modular multilevel con-
verter topology suitable for a wide power range,” in Proc. IEEE Power
Tech. Conf., Bologna, Italy, 2003, pp. 1–6.

[2] N. Flourentzou, V. G. Agelidis, and G. D. Demetriades, “VSC-based
HVDC power transmission systems: An overview,” IEEE Trans. Power
Electron., vol. 24, no. 3, pp. 592–602, Mar. 2009.

[3] S. Debnath, J. Qin, B. Bahrani, M. Saeedifard, and P. Barbosa, “Operation,
control, and applications of the modular multilevel converter: A review,”
IEEE Trans. Power Electron., vol. 30, no. 1, pp. 37–53, Jan. 2015.

[4] A. Nami, J. Liang, F. Dijkhuizen, and G. D. Demetriades, “Modular mul-
tilevel converters for HVDC applications: Review on converter cells and
functionalities,” IEEE Trans. Power Electron., vol. 30, no. 1, pp. 18–36,
Jan. 2015.

[5] M. A. Perez, S. Bernet, J. Rodriguez, S. Kouro, and R. Lizana, “Circuit
topologies, modeling, control schemes, and applications of modular mul-
tilevel converters,” IEEE Trans. Power Electron., vol. 30, no. 1, pp. 4–17,
Jan. 2015.

[6] J. Peralta, H. Saad, S. Dennetière, J. Mahseredjian, and S. Nguefeu, “De-
tailed and averaged models for a 401-level MMC-HVDC system,” IEEE
Trans. Power Del., vol. 27, no. 3, pp. 1501–1508, Jul. 2012.

[7] S. Rohner, S. Bernet, M. Hiller, and R. Sommer, “Modulation, losses,
and semiconductor requirements of modular multilevel converters,” IEEE
Trans. Ind. Electron., vol. 57, no. 8, pp. 2633–2642, Aug. 2010.

[8] Z. Li et al., “Power module capacitor voltage balancing method for a
±350-kV/1000-MW modular multilevel converter,” IEEE Trans. Power
Electron., vol. 31, no. 6, pp. 3977–3984, Jun. 2016.

[9] S. Rodrigues, A. Papadopoulos, E. Kontos, T. Todorcevic, and P. Bauer,
“Steady-state loss model of half-bridge modular multilevel converters,”
IEEE Trans. Ind. Appl., vol. 52, no. 3, pp. 2415–2425, May 2016.

[10] H. Wang et al., “Power loss and junction temperature analysis in the
modular multilevel converters for HVDC transmission systems,” J. Power
Electron., vol. 15, no. 3, pp. 685–694, May 2015.

[11] Z. Zhang, Z. Xu, and Y. Xue, “Valve loss calculation of MMC-HVDC
based on piecewise analytical formula,” Autom. Elect. Power Syst., vol. 37,
no. 15, pp. 109–116+151, Aug. 2013.

[12] M. Zygmanowski, B. Grzesik, M. Fulczyk, and R. Nalepa, “Analytical
and numerical power loss analysis in modular multilevel converter,” in
Proc. 2013 39th Annu. Conf. IEEE Ind. Electron. Soc., Vienna, Austria,
2013, pp. 465–470.

[13] L. Yang, Y. Li, Z. Li, P. Wang, F. Gao, and F. Xu, “A simplified loss model
of modular multilevel converter,” in Proc. 2016 IEEE PES Asia–Pac.
Power Energy Eng. Conf., Xi’an, China, 2016, pp. 661–665.

[14] L. Qiang, P. Hui, and H. Zhiyuan, “Analytic calculation method for loss
and junction temperature of modular multilevel converter,” Autom. Elect.
Power Syst., vol. 40, no. 4, pp. 85–91, Feb. 2016.

[15] S. Huang et al., “Analysis and calculation on switching frequency and
switching losses of modular multilevel converter with maximum sub-
module capacitor voltage deviation,” IET Power Electron., vol. 9, no. 2,
pp. 188–197, Oct. 2016.

[16] Y. Li, E. A. Jones, and F. F. Wang, “The impact of voltage-balancing
control on switching frequency of the modular multilevel converter,” IEEE
Trans. Power Electron., vol. 31, no. 4, pp. 2829–2839, Apr. 2016.

[17] M. Saeeidifard and R. Iravani, “Dynamic performance of a modular mul-
tilevel back-to-back HVDC system,” IEEE Trans. Power Del., vol. 25,
no. 4, pp. 2903–2912, Oct. 2010.

[18] H. Peng, M. Hagiwara, and H. Akagi, “Modeling and analysis of
switching-ripple voltage on the DC link between a diode rectifier and
a modular multilevel cascade inverter (MMCI),” IEEE Trans. Power Elec-
tron., vol. 28, no. 1, pp. 75–84, Jan. 2013.

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

[20] P. M. Meshram and V. B. Borghate, “A simplified nearest level con-
trol (NLC) voltage balancing method for modular multilevel converter
(MMC),” IEEE Trans. Power Electron., vol. 30, no. 1, pp. 450–462,
Jan. 2015.

[21] W. Zhou et al., “Common-mode voltage injection-based nearest level
modulation with loss reduction for modular multilevel converters,” IET
Renewable Power Gener., vol. 10, no. 6, pp. 798–806, Feb. 2016.

[22] J. Qin and M. Saeedifard, “Reduced switching-frequency voltage-
balancing strategies for modular multilevel HVDC converters,” IEEE
Trans. Power Del., vol. 28, no. 4, pp. 2403–2410, Oct. 2013.

[23] F. Erturk and A. M. Hava, “A detailed power loss analysis of modular
multilevel converter,” in Proc. 2015 IEEE Appl. Power Electron. Conf.
Expo., Charlotte, NC, USA, 2015, pp. 1658–1665.

[24] R. Hong et al., “Loss calculation method and characteristics analysis for
MMC-HVDC system,” Elect. Power Autom. Equip., vol. 6, pp. 101–106,
Jun. 2014.

[25] Z. Li, P. Wang, Z. Chu, H. Zhu, Y. Luo, and Y. Li, “An inner current sup-
pressing method for modular multilevel converters,” IEEE Trans. Power
Electron., vol. 28, no. 11, pp. 4873–4879, Nov. 2013.

[26] L. Yang, Y. Li, Z. Li, and P. Wang, “Efficiency optimization of MMC
adopting harmonic circulating current injection,” in Proc. 2016 42nd Annu.
Conf. IEEE Ind. Electron. Soc., Florence, Italy, 2016, pp. 2557–2562.

[27] 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 Trans. Ind. Elec-
tron., vol. 62, no. 2, pp. 777–788, Feb. 2015.

[28] China Southern Power Grid, Guangzhou, China, Press Release, Aug.
29, 2016. [Online]. Available: http://eng.csg.cn/Press_release/News_
2016/201609/t2016 0905_142899.html

[29] S. Golestan, M. Ramezani, J. M. Guerrero, and M. Monfared, “dq-frame
cascaded delayed signal cancellation-based PLL: Analysis, design, and
comparison with moving average filter-based PLL,” IEEE Trans. Power
Electron., vol. 30, no. 3, pp. 1618–1632, Mar. 2015.

[30] P. Hu, D. Jiang, Y. Zhou, Y. Liang, J. Guo, and Z. Lin, “Energy balancing
control strategy for modular multilevel converters under submodule fault
conditions,” IEEE Trans. Power Electron., vol. 29, no. 9, pp. 5021–5030,
Sep. 2014.

Limin Yang was born in Shanxi Province, China,
in 1991. He received the B.S. degree in electrical
engineering from Tianjin University, Tianjin, China,
in 2012. Since September 2012, he has been work-
ing toward the Ph.D. degree in power electronics and
power drives from the Institute of Electrical Engineer-
ing, Chinese Academy of Sciences, Beijing, China.

His research interests include loss analysis and
control of modular multilevel converter, especially
its applications in high-voltage direct-current fields.



YANG et al.: LOSS OPTIMIZATION OF MMC BY SECOND-ORDER HARMONIC CIRCULATING CURRENT INJECTION 5753

Yaohua Li was born in Henan, China, in 1966.
He received the Ph.D. degree in power electronics
and power drives from Tsinghua University, Beijing,
China, in 1994.

From 1995 to 1997, he was a Postdoctoral Re-
search Fellow in the Institute of Electrical Machine,
Technical University of Berlin, Berlin, Germany. In
1997, he joined the Institute of Electrical Engineer-
ing, Chinese Academy of Sciences, Beijing, China,
where he is currently a Professor and Vice Director.
His research interests include analysis and control of

electrical machines, power electronics, etc.

Zixin Li (S’08–M’10–SM’16) was born in Hebei
Province, China, in 1981. He received the B.Eng. de-
gree in industry automation from North China Uni-
versity of Technology, Beijing, China, in 2001, and
the Ph.D. degree (with Hons.) in power electronics
and power drives from the Institute of Electrical En-
gineering, Chinese Academy of Sciences, Beijing,
China, in 2010.

In 2010, he joined the Institute of Electrical En-
gineering, Chinese Academy of Sciences, where he
is currently a Professor. He has authored and coau-

thored more than 60 academic papers and holds five invention patents in China.
His research interests include circuit topology, control and analysis of power
converters, especially multilevel converters in high-power fields.

Dr. Li is an Associate Editor of the IEEE TRANSACTIONS ON POWER ELEC-
TRONICS. He received many honors and awards from IEEE and the government.
He was the winner of IEEE Power Electronics Society Richard M. Bass Out-
standing Young Power Electronics Engineer Award of 2015 for his contributions
to multilevel and HVdc converters.

Ping Wang was born in Shanghai, China, in 1955.
He received the B.S. degree in computer science from
Lanzhou University, Lanzhou, China, in 1980.

Since 1980, he has been with the Institute of Elec-
trical Engineering, Chinese Academy of Sciences,
Beijing, China, where became an Assistant Engineer
in 1985, a Senior Engineer in 1993, and a Profes-
sor of power electronics and power drives in 2008.
From 1995 to 1996, he was a Visiting Researcher with
the Fraunhofer Institute for Production Systems and
Design Technology, Berlin, Germany. His research

interests include power electronics, static power converters, active filter, ac
drives, etc.

Prof. Wang is a member of the China Electrotechnical Society.

Shukai Xu was born in Guangdong, China, in 1978.
He received the B.E.E. and Ph.D. degrees from
Tsinghua University, Beijing, China, in 2002 and
2007, respectively, both in electrical engineering.

He is currently a Professor of engineering in Elec-
tric Power Research Institute, China Southern Power
Grid, Guangzhou, China. His research interests in-
clude FACTS and VSC-HVdc.

Ruifeng Gou was born in Shaanxi Province in 1959.
He received the B.S. degree in electrical engineering
from Xi’an Jiaotong University, China, in 1982.

He has been working in the development of power
equipment for more than 30 years. He is currently the
Vice Chief Engineer of China XD Group Company,
Ltd., Xi’an, China. He is also a Senior Expert in the
electrical engineering, and has extensive research and
project experience in the equipment development and
test technology. He led the key technology research
and equipment development of the first 4000 and

5100 A direct current transfer switch, the first ±160 kV/50 MW, ±350 kV/1000
MW, ±800 kV/5000 MW VSC-HVdc converters, and the first 6250 A and 1100
kV LCC-HVdc converters in China. He led to establish the standard system of
dc equipment in China.

Mr. Gou received the first prize of National Science and Technology Progress
Award in 2009, the first China Mechanical Industry Science and Technology
Awards in 2007, 2010, 2013, and 2015, and the first China Electrical Power
Science and Technology Award in 2013.



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 0
  /ParseDSCComments false
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness true
  /PreserveHalftoneInfo true
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
    /Algerian
    /Arial-Black
    /Arial-BlackItalic
    /Arial-BoldItalicMT
    /Arial-BoldMT
    /Arial-ItalicMT
    /ArialMT
    /ArialNarrow
    /ArialNarrow-Bold
    /ArialNarrow-BoldItalic
    /ArialNarrow-Italic
    /ArialUnicodeMS
    /BaskOldFace
    /Batang
    /Bauhaus93
    /BellMT
    /BellMTBold
    /BellMTItalic
    /BerlinSansFB-Bold
    /BerlinSansFBDemi-Bold
    /BerlinSansFB-Reg
    /BernardMT-Condensed
    /BodoniMTPosterCompressed
    /BookAntiqua
    /BookAntiqua-Bold
    /BookAntiqua-BoldItalic
    /BookAntiqua-Italic
    /BookmanOldStyle
    /BookmanOldStyle-Bold
    /BookmanOldStyle-BoldItalic
    /BookmanOldStyle-Italic
    /BookshelfSymbolSeven
    /BritannicBold
    /Broadway
    /BrushScriptMT
    /CalifornianFB-Bold
    /CalifornianFB-Italic
    /CalifornianFB-Reg
    /Centaur
    /Century
    /CenturyGothic
    /CenturyGothic-Bold
    /CenturyGothic-BoldItalic
    /CenturyGothic-Italic
    /CenturySchoolbook
    /CenturySchoolbook-Bold
    /CenturySchoolbook-BoldItalic
    /CenturySchoolbook-Italic
    /Chiller-Regular
    /ColonnaMT
    /ComicSansMS
    /ComicSansMS-Bold
    /CooperBlack
    /CourierNewPS-BoldItalicMT
    /CourierNewPS-BoldMT
    /CourierNewPS-ItalicMT
    /CourierNewPSMT
    /EstrangeloEdessa
    /FootlightMTLight
    /FreestyleScript-Regular
    /Garamond
    /Garamond-Bold
    /Garamond-Italic
    /Georgia
    /Georgia-Bold
    /Georgia-BoldItalic
    /Georgia-Italic
    /Haettenschweiler
    /HarlowSolid
    /Harrington
    /HighTowerText-Italic
    /HighTowerText-Reg
    /Impact
    /InformalRoman-Regular
    /Jokerman-Regular
    /JuiceITC-Regular
    /KristenITC-Regular
    /KuenstlerScript-Black
    /KuenstlerScript-Medium
    /KuenstlerScript-TwoBold
    /KunstlerScript
    /LatinWide
    /LetterGothicMT
    /LetterGothicMT-Bold
    /LetterGothicMT-BoldOblique
    /LetterGothicMT-Oblique
    /LucidaBright
    /LucidaBright-Demi
    /LucidaBright-DemiItalic
    /LucidaBright-Italic
    /LucidaCalligraphy-Italic
    /LucidaConsole
    /LucidaFax
    /LucidaFax-Demi
    /LucidaFax-DemiItalic
    /LucidaFax-Italic
    /LucidaHandwriting-Italic
    /LucidaSansUnicode
    /Magneto-Bold
    /MaturaMTScriptCapitals
    /MediciScriptLTStd
    /MicrosoftSansSerif
    /Mistral
    /Modern-Regular
    /MonotypeCorsiva
    /MS-Mincho
    /MSReferenceSansSerif
    /MSReferenceSpecialty
    /NiagaraEngraved-Reg
    /NiagaraSolid-Reg
    /NuptialScript
    /OldEnglishTextMT
    /Onyx
    /PalatinoLinotype-Bold
    /PalatinoLinotype-BoldItalic
    /PalatinoLinotype-Italic
    /PalatinoLinotype-Roman
    /Parchment-Regular
    /Playbill
    /PMingLiU
    /PoorRichard-Regular
    /Ravie
    /ShowcardGothic-Reg
    /SimSun
    /SnapITC-Regular
    /Stencil
    /SymbolMT
    /Tahoma
    /Tahoma-Bold
    /TempusSansITC
    /TimesNewRomanMT-ExtraBold
    /TimesNewRomanMTStd
    /TimesNewRomanMTStd-Bold
    /TimesNewRomanMTStd-BoldCond
    /TimesNewRomanMTStd-BoldIt
    /TimesNewRomanMTStd-Cond
    /TimesNewRomanMTStd-CondIt
    /TimesNewRomanMTStd-Italic
    /TimesNewRomanPS-BoldItalicMT
    /TimesNewRomanPS-BoldMT
    /TimesNewRomanPS-ItalicMT
    /TimesNewRomanPSMT
    /Times-Roman
    /Trebuchet-BoldItalic
    /TrebuchetMS
    /TrebuchetMS-Bold
    /TrebuchetMS-Italic
    /Verdana
    /Verdana-Bold
    /Verdana-BoldItalic
    /Verdana-Italic
    /VinerHandITC
    /Vivaldii
    /VladimirScript
    /Webdings
    /Wingdings2
    /Wingdings3
    /Wingdings-Regular
    /ZapfChanceryStd-Demi
    /ZWAdobeF
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 5.0 e versioni successive.)
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create PDFs that match the "Suggested"  settings for PDF Specification 4.0)
  >>
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice


