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ABSTRACT The submodule (SM) capacitor voltage ripple and the root mean square (RMS) of the arm
current are related to the costs and losses of the modular multilevel converter (MMC). The optimization
issues have received great attention. The second-order circulating current control and third-order harmonic
voltage injection are two conventional optimization methods, but the existing research neglects their coupling
effects. In this paper, these two methods are comprehensively investigated and coordinately combined. First,
the various performances of MMC under multiple injections are characterized. Then, a multi-objective
optimization model considering the output capability of arm voltage and the energy balance of capacitors,
is proposed to reduce the SM capacitor voltage ripple and the RMS of the arm current. The amplitudes
and phases of the injected second- and third-order harmonic voltages are designed coordinately by genetic
algorithm. The simulation and experimental results have validated the effectiveness and feasibility of the
proposed method.

INDEX TERMS Modular multilevel converter, third-order harmonic voltage injection, circulating current

control, multi-objective optimization, genetic algorithm.

I. INTRODUCTION

Modular multilevel converter (MMC) is extensively dis-
cussed owing to the advantages of high modularity, low
switching frequency, low output harmonics and high capac-
ity scalability. It has become a mainstay for voltage source
converter based high voltage direct current (VSC-HVDC)
transmission, especially in long distance transmission, asyn-
chronous power grid interconnection and multi-terminal grid
applications [1]-[4]. Currently, the important optimal objec-
tives for MMC are to reduce the costs and losses [5], [6]. The
submodule (SM) capacitor accounts for almost half of the SM
volume and weight, and one third of the cost. The capacitor
voltage ripple suppression can reduce the requirement for the
capacitance. In addition, the power losses are mainly related
to the switch current or the arm current. The limitation of the
arm root-mean-square (RMS) current can reduce the power
losses directly.
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The second-order harmonic circulating current is an inher-
ent problem in regular MMC operation, which has been
considered to increase the current stresses and power losses.
Much of the conventional research presents the suppression
control strategies by injecting controlled second-order har-
monic voltage [7]-[9]. Moreover, the circulating current has
a significant impact on the capacitor voltage ripples, and the
capacitor voltage ripple suppression can be realized by an
active second-order harmonic injection [10]. An optimization
algorithm is proposed to determine the optimal circulating
current to reduce the amplitude of the capacitor voltages [11].
The full-bridge SM (FBSM) is capable of negative voltage
level outputs, which enables FBSM-MMC and hybrid MMC
operate under the over-modulation condition [12]. For half-
bridge SM (HBSM) MMC, third-order harmonic voltage
injection also have the same effect, which is similar to the
over-modulation in FBSM/hybrid MMC. Higher frequency
harmonic injection method is applied in MMC for motor drive
with low-speed/low-frequency operation. However, it is not
applicable for MMC in the power grid field with fundamental
frequency [13]-[15].
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The third-order harmonic voltage injection impact is ana-
lyzed [16] and has an effect on reducing the capacitor voltage
ripple and the RMS of arm current [17], [18]. An exhaustion
method which determines the optimized amplitude and phase
of third-order harmonic voltage injection are developed [19].
But the capacitor voltage ripple caused by the second-order
harmonic does not decrease. The inclusion of the third-order
harmonic voltage in coordination with the circulating current
injected to the arm voltage reference is considered [15],
[20], [22]. However, the third-order harmonic voltage is fixed
without taking the second-order harmonic into consideration,
and the RMS of arm current may increase [23]. There is a
linear programming optimization approach has been taken to
analyze the third-order harmonic injection combined with the
second-order circulating current injection method [21].

The second-order harmonic circulating current is regulated
by adding the second-order differential voltage to the arm
voltage reference. Accordingly, the magnitude and phase of
the circulating current are adjusted for various objectives
[24]. Both the second- and third-order harmonic voltage
would appear in the arm voltage. And the over-modulation
range depends on the peak value of the arm voltage. Thus,
for further reducing the capacitor voltage ripple and RMS of
arm current by multiple injection, it is important to coordinate
the injected second- and third-order harmonic voltage. It is
necessary to design a multi-objective optimization, which is
constrained by the output capability of the arm voltage and
the energy balance of capacitors.

Most of the traditional multi-objective optimization algo-
rithms transform the problems into single-objective problems
and solve them with the help of mathematical programming
tools. The commonly used transformation methods include
the weighted method, the specific constraint method [25],
[26], the min-max approach [27], [28], etc. These methods
require decision makers to provide the weight information
and subjectivity, which reduces the accuracy of the opti-
mal solution. The genetic algorithm has the characteristic
of global parallel search on the population. The method can
search in a large space to obtain the optimal solution [29].
And this approach is adopted for multi-nonlinear constraint
problems in this paper. However, limited by control chip,
the method is only applied off-line to design the optimal
injection and chose the optimal devices.

The rest of this paper is organized as follows. Section II
compares different circulating current conditions with dif-
ferent second-order harmonic voltage injections. Section III
presents the over-modulation can reduce the capacitor voltage
ripple and RMS of arm current, then explains the strong
coupling relationship and feasibility of second- and third-
order harmonic injection based on the MMC differential and
common mode model. In Section IV, the original expressions
of the objective function which are constrained by the out-
put capability of the arm voltage and the energy balance of
capacitors are presented. In section V, the second- and third-
order harmonic injection optimization solution is obtained by
the genetic algorithm and verified by simulation. Section VI
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FIGURE 1. Configuration of three-phase MMC.

presents the experimental results. Section VII provides the
discussion of application and limitation and Section VIII
concludes the whole paper.

Il. CIRCULATING CURRENT CONTROL FOR MMC
Three-phase MMC which comprises six identical arms is
depicted in Fig. 1. Each arm consists of N cascaded HBSM
connected with an arm buffer inductor.

To analyze a more general situation, certain assumptions
must be made. The analysis in this paper is based on sym-
metric operation [16]. Thus, second-order harmonic current is
considered the major ac component in the circulating current.
The upper and lower arm currents i and i, can be expressed
as

. Idc Im . .
ip = 3 + > sin (wt + @) + Iy sin ot +y) (1)
. Idc Im . .
In = 33 sin (wt + @) + Dy sin ot +y)  (2)

where Iry, and y are the amplitude and phase angle of the
second-order harmonic circulating current, respectively. ¢ is
the power factor angle. I, is the amplitude of the fundamental
ac-side output current of MMC. [y is the dc-link current.
Because of the symmetry of the three phases, I3 would
be divided into three equal parts, and it constitutes the dc
component of the circulating current.

Thus, the upper and lower arm reference voltages u, and
uy can be expressed as

U,

up = 2“ — Upsinwt 3)
U,

Uy = % 4 Up sin ot 4)

where Uy. and U, represent rated dc-link voltage and the
amplitude of the ac output voltage, respectively.
The modulation index m is defined as

20,
m=—— ®)
Udc
The second-order harmonic circulating current can be con-

trolled by the closed-loop controller. The performance of
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MMC can be improved by different second-order harmonic
circulating current control schemes.

A. NATURAL CIRCULATING CURRENT
The circulating current is generated because of the phase
common-mode voltage oscillation. From [15], disregarding
the injected second order harmonic common-mode voltage
in the arm reference voltage, the natural internal circulating
current igjy 1S
w-CLoU; — Uqgc

where P is the active power. Ly is the arm inductance. C is
the SM capacitor. U, is the rated SM capacitor voltage.

When MMC is in normal operation, the power losses of
SMs are less than 1% of the rated power [30]. Ignoring the
losses, the active power should achieve balance between the
input and the output for MMC, which is given by

) cos Qwt +¢)  (6)

3
P= EImUm cos ¢ = IgcUge (N

Generally, the RMS of the arm current is considered to
basically reflect the power losses of MMC. The RMS of the
arm current /. with second order harmonic circulating current
can be expressed as

my (m)z(@wz

I = - tl—=) +|—= ()

' /(3 2V2 V2
Substituting (6) and (7) into (8), the natural RMS of arm

current without circulating current control is

_ Iac 2 1

I +
T3 m?cos> ¢ 2 (8w2CLy/N — 1)’

©))

B. SUPPRESSED CIRCULATING CURRENT

For power loss reduction of semiconductor devices, the
second-order harmonic circulating current is completely sup-
pressed. Thus, the RMS of the arm current is minimized and
only the dc-component exists in circulating current. When the
In, is set to zero, the circulating current becomes

. Iy
m=§ (10)
The minimized RMS of arm current can be obtained as
Ty 2
L =— |14+ ———— 11
T3 + m? cos? ¢ (i

Hence, the power losses of semiconductor devices decrease
by completely eliminating second-order harmonic circulating
current.

C. INJECTED CIRCULATING CURRENT

Because the arm inductors are small, and the voltage drop
and energy in the inductors can be ignored [15]. The upper
and lower arm powers pp, and p;, can be expressed as

Pp = Iplip (12)
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Pn = inln (13)

Power oscillations are equal to the sum of the SM capaci-
tors energy fluctuations, which can be described as

/ Ppamydt = 2NCUZ2e = 2NCU_icpm) (14)

where ¢ stands for the capacitor voltage ripple rate. Then
capacitor voltage ripple can be represented as [20]

liep(n)
In

4w C

I I
== e cosa)t—m 2m sin(wt+y)—
4wC

Sl cos(a)t+(p)i|

I I
+ I’Zme sin Quwt + ¢) — 4;—“& cos Qwt + y)
I
+ 1";;‘2 sin Gt + 7) (15)

Thus, injecting second-order harmonic voltage and the
resulting second-order harmonic circulating current can be
helpful to the SM capacitor voltage ripples. From [14],
in order to eliminate the effects of second-order harmonic
voltage in arm reference voltage, the optimal circulating cur-
rent for capacitor voltage ripples reduction is

I i
i = % - % cos 2wt + @) (16)

The additional second-order circulating current injection
results in increased arm RMS current compared to suppressed
circulating current case in Part A. The corresponding RMS
current can be expressed as

=l iy 2y ] (17
T3 m2cos2g  2coslg

Based on the above analysis, the characteristics of the RMS
of arm current rate and the capacitor voltage ripple rate are
depicted in Fig. 2, with various modulation indexes and power
factor angles. It shows that, regardless of the phase angle, the
capacitor voltage ripple reduces with the

modulation index increases. And, the method of injecting
circulating current is better than the other two cases in reduc-
ing the capacitor voltage ripple at the cost of a

relatively small ascension of the RMS of arm current rate.
It is an optimal scheme for MMC performance improvement.

Ill. MULTIPLE VOLTAGE INJECTION FOR MMC

From (7) and (8), it concludes that under constant power
transmission, the arm RMS current reduces as the modula-
tion index increases. Regardless of which circulating current
control is adopted, the maximized modulation index should
be realized for diminishing converter losses.

For the injected circulating current condition, the charac-
teristics of the arm RMS current and capacitor voltage ripple
under over-modulation are plotted, shown in Fig. 3. From
Fig. 3(a), the arm RMS current has a monotonic decrease
with modulation index regardless of the phase angle. From
Fig. 3(b), the valley values occur in different modulation
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FIGURE 2. Characteristics with various operation condition under
different circulating current control. (a) arm RMS current. (b) capacitor
voltage ripple.

indexes with various phase angles. Taking the unity power
factor as an example in the rest of the paper, other operating
conditions can be deduced in the same way. When m = 1.15,
the capacitor voltage ripple rate reaches a minimum. For
HBSM-MMC, m is unable to increase the ac output voltage
by more than 1.15 times. Third-order harmonic voltage injec-
tion is the only way to expand the

modulation index. Thus m = 1.15 is considered the
optimum point in this case. As widely demonstrated in the
existing literature, utilizing the third-order harmonic voltage
injection can theoretically expand the modulation index up to
1.15.

As shown in Fig. 4, a schematic diagram of the ac com-
ponents of the arm reference voltage is depicted. When the
magnitude of the three-order harmonic voltage is over 0.167
p.u., the phase angle is determined to be the same as the power
factor angle. The ideal fixed third-order harmonic voltage
injection makes the ac output voltage to achieve a maximum
of 1.15NU..

Note that the other frequency components are generated
from the controller modulated dc and fundamental frequency
components. Even if the second harmonic is injected in some
cases, the purpose is to reduce the second-order harmonic of
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FIGURE 3. Characteristics with over-modulation under injected circulating
current control. (a) arm RMS current. (b) capacitor voltage ripple.

FIGURE 4. Ac components of the arm reference voltage with third-order
harmonic voltage injection.

capacitor voltage ripple. So, these higher harmonics can be
ignored in the above analysis [15]. Actually, in Fig. 3(b),

there is a curved surface diagram groove and taking point
A when the power factor is 1 as an example. The funda-
mental frequency and second-order harmonic of the capac-
itor voltage ripple of point A are suppressed by eliminating
the arm power fluctuations of the corresponding frequency
components, which can be achieved through coordinating
over-modulation and the second-order harmonic circulating
injection.

From [31], the voltage and current quantities of MMC are
in circular interaction. Fig. 5 depicts the equivalent circuit
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FIGURE 5. MMC equivalent circuits. (a) phase unit. (b)) common mode. (c)
differential mode.

of one phase unit, where Ly and Ry denote the arm induc-
tance and arm equivalent resistance. The common and dif-
ferential equivalent circuits are shown in Fig. 5(b) and (c).
Fig. 5 reveals that the circulating current is determined by the
common mode voltage coexisting on upper and lower arms.
The second-order harmonic circulating current influences
second-order harmonic SM capacitor voltage variation. And
it is coupled with fundamental frequency in switch function,
which influences the third-order harmonic voltage. When
MMC operate symmetrically, the differential voltage, which
is considered to include only fundamental and third-order
harmonic voltage here, decides the output current. However,
the corresponding third-order harmonic current would disap-
pear in the ac-side current due to the universal Y-A connected
transformer. So, injecting low frequency harmonics have no
effect on the output voltage and current.

In summary, both the second- and third-order harmonic
voltage contribute to the transient arm voltage and SM capac-
itor voltages, and their effects on the arm RMS current
and capacitor voltage ripple are strongly coupled. And, it is
important that there is no effect on the output current.

Therefore, the arm voltage reference and arm current with
second- and third-order harmonic voltage injection are rewrit-
ten as

U,

Upm) = % F Un sinwt F vyUy, sin 3wt F v U, cos 3wt
+ Usm cos B - sin2wt + Usyy sin B - cos 2wt (18)
I I

Ipm) = % + ?m sin(wt + @)+ sin 2wt +ic cos 2wt (19)

where variables vs and v, are the coefficient of the sine-
wave harmonic component and the cosine-wave harmonic
component of the third-order harmonic voltage injection,
respectively. Variables ig and i; represent the sine-wave har-
monic component and cosine-wave harmonic component of
the second-order circulating current injection, respectively.
Both of these variables are decomposed into sine-wave and
cosine-wave components, which is beneficial to subsequent
derivation. Uy and S denote the corresponding amplitude
and phase angle of the second-order harmonic voltage injec-
tion, respectively.
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FIGURE 6. Modified ac components of the arm voltage reference with
second-order harmonic voltage injection.

Therefore, the arm current can be rewritten as

Lac [1 N 2 sin (wt + @)

i = — + ig sin 2wt + i cos 2wt
p(m) 3 mcos ¢ :| s ¢

(20)

Seeing Fig. 6, the peak value of arm voltage reference
changes after considering the injected second-order harmonic
voltages. And it decides the range of expanded modulation
index. Thus, second- and third-order voltage injection should
be arranged in optimal coordination for optimal modulation
index.

IV. MMC PERFORMANCE CHARACTERISTIC WITH
MULTIPLE INJECTION

Assume that SM losses are neglected and SMs of one arm
are not distinguished due to the balancing algorithm com-
bined modulation process [17]. For optimizing performance
of MMC, it is necessary to analyze the arm RMS current and
capacitor voltage ripples with multiple injection.

A. ANALYSIS OF CAPACITOR VOLTAGE RIPPLE

To address the effects of multiple injection, a detailed capac-
itor voltage expression should be obtained. The dc-link volt-
age is built by maintaining the sum output of SMs in the phase
leg. For the purpose of developing the analytical formula of
instantaneous capacitor voltage, the arm switching functions
Sp(n) are obtained from [24], given by

1 1 1 1
Spm) = 3 F Sm sinwt F 37mvs sin 3wt F FMmve cos 3wt

2n

For simplicity, the second-order components are neglected
in the switching functions, because they have few impacts on
the capacitor voltage ripples. Obviously, the SM capacitor
current equals to the products of the arm switching func-
tion and the arm current. And the capacitor voltage can be
expressed as

ditcp(n)
dt

Subsequently, the capacitor voltage ripples (superscript ~)
can be derived as (23) shown at the bottom of the next

o

= Sp(n) " Ip(n) (22)
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page. From (23), the even-order harmonic components of
the capacitor voltage ripples in the upper and lower arms
are identical. In contrast, odd-order harmonic components
of capacitor voltage ripples are out of phase in the upper
and lower arms. The modulation index has no effect on the
even-order harmonic components but affects the fundamen-
tal frequency and third-order harmonic components. On the
other hand, the introduced second- and third-order harmonic
voltages complicates the capacitor voltage ripples expression.
It is necessary to consider the higher harmonic components
in the capacitor voltage fluctuation.

B. MODIFIED ARM REFERENCE VOLTAGE

From Fig. 5, the total common mode voltage is formed by
the sum of the SMs capacitor voltage output through a phase
leg. The common mode voltage is derived as (24). Consid-
ering the characteristics of the arm inductor, the relationship
between the second-order harmonic voltage and second-order
circulating current is expressed as (25).

2Ucom = NSp (Ucref + Ecp) + NSn (Ucret + ”:icn)

4+ 2Us cos B - sin 2wt +2Usp, sin B-cos 2wt (24)
- d(is sin 2wt + i. cos 2wt)
7, = -1y 20t L @s)

where ucom 1s the common mode voltage and superscript
~ expresses its ripple. Substituting (25) into (24), the sec-
ond harmonic voltage can be solved as (26). Therefore,
the detailed mathematical expressions of capacitor volt-
age and modified arm voltage reference are established.
The effects of multiple injection on these parameters are
obtained.

C. COORDINATED MULTIPLE INJECTION

Based on the above analysis, the expanded modulation index
yields increased ac-side output voltage, which enables the
converter performance to be improved in two main cases: 1)

Upm cos B

) N 1 1 . 1 .
= 2wLi. + 2aC (Emzldc + gmzvgzc + gmzvglc>

N o[ 1 1 1, 1,
50 \glet Z]dc + Evsldc‘i‘%m VsIdc+gm lc
(26)

capacitor voltage ripple reduces under constant power trans-
mission. 2) capacity of MMC has some accordingly increas-
ing margin with the same current stress.

From (8), the capacity increase can be realized by increas-
ing the ac-side output voltage, ac-side output current, dc-link
voltage or dc-link current. Limited by the existing man-
ufacturing standard and insulation level, the rated dc-link
voltage is generally limited, and it would be constant in prac-
tical operation. The expanded modulation index leads to an
increased ac-side output voltage. Therefore, the transmission
power is promoted with the rest of the variables fixed.

According to (7), the RMS of the arm current and its
peak value are bound to increase if the ac-side output current
is constant. However, the current rating of the semiconduc-
tor device should be considered. A principle is identified
that the optimized multiple injection and expanded modula-
tion index would not endanger those semiconductor devices.
Thus, the rated arm current needs to be determined to be
lower than that before the multiple injection optimization.
The capacity ascension margin iS no more proportional to
that of the expanded modulation index, which is difficult to
compare without specific device ratings. Thus, the first case
(operating on point A in Fig. 3) is chosen for discussion in
this paper.

With the maximal modulation index, the circulating current
can be rewritten as

2 2 2 4 g2
L— m= cos <p+21§1+zs+lc
16 2

27)

The solution of the optimized multiple injection problem

Uz sin p is accessible for constant modulation index expansion and
— _2wLi. + l i+ 1 mi. + L mvely power transmission. The objective functions are obtained as
P 2wC\47 6 240 T N
N 1 1 2.2, 1 2.2. obj. min g](vS’VC’lS7lC) = |MC| 28
" 20C (EVCI“‘C g Vel g 7 oy (is, ic) = ir (8)
Ucp(n)
Y R I dge 1. n 1 . 1 . L 1 . ) sin o
= mlgc— —— mi mvgic — mvcis | cos w — mig— Mygis— mvic | sinw
60C  C 3wC m  40C < 4oC " dwC " 40C " 4wC " doC

1 1

1
120C 18w C 240C

1 1
4 (F——mvgic + ——
<+ 200" * 200
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1 1
e 2wt ' i
+ ( 40C" 120C'" dc) cosew +<4a)C et Tawc e

1 1
mvcldc> sin 3wt + (—vcldc) cosdwt + (—vsldc> sin 4wt

1
mvis | cosSwt £ | ——mvgiy — ———
C 20wC 20w

1 . 1 . 1
~T2aC vsIdc) sin 2wt + ( T20C mic+ 8ol mvsldc> cos 3wt

24w C

1
c mvcic) sin 5wt (23)
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TABLE 1. Designed valuables for coordinated multiple.

symbol Quantity Min. Max.
Vs Sine 3" voltage —30%Un 30%Un
Ve Cosine 3" voltage —30%U., 30%U,,
i Sine 2™ circulating current —10%I, 10%lI,
ic Cosine 2™ circulating current —10%I,, 10%/,
m Modulation index 0 1.15

The objective function is designed for the minimum capac-
itor voltage ripples and the arm RMS current. The transient
capacitor voltage has uncertain valley and peak values, which
depends on the injection variables. Since subjects are non-
linear. To find the multiple injection variable solutions under
optimal coordination, a nonlinear program problem has been
developed. In order to reduce the search area and obtain the
optimal solution quickly, the second-order harmonic circu-
lating current amplitude is set to be less than 10% of the
fundamental current amplitude. The maximum of the third-
order harmonic voltage amplitude is set to be less than 30%
of the fundamental voltage amplitude, as shown in Table 1.
The limitation above is estimated by calculating a large
amount of working conditions. In fact, the constraints can be
adjusted according to different conditions. And they can be
expanded or removed if not care too much about computa-
tional speed.

V. PROPOSED GENETIC ALGORITHM

Based on the above analytical model, the optimization
scheme is developed to obtain the optimal multi-objective
design. Generally, the efficient solution is not unique, and
the set of all efficient solutions is called the Pareto solution.
The core of the multi-objective genetic algorithm (MOGA) is
to coordinate objective function and find the Pareto solution.
By means of the rank of the noninferior solution and the cor-
responding selection operator, the population moves towards
the Pareto solution in the optimization process.

Existing genetic algorithms include vector evaluation-
based genetic algorithm, niched Pareto genetic algorithm,
and non-dominated sorting genetic algorithm (NSGA), etc.
Zitzler and Thiele et al. conducted comprehensive analysis
and experimental comparison of these methods [32], and the
results show that NSGA has the best performance in terms
of computational speed and accuracy. NSGA uses a non-
dominant classification program to simplify multi-objective
to an adaptive function. NSGA-II defines crowding dis-
tance to estimate the solution density around a point, instead
of fitting value sharing. This algorithm reduces computa-
tional complexity and has an optimal retention mechanism.
Therefore, NSGA-II will be adopted in this paper [33]. The
flowchart of MOGA is presented in Fig. 7.

After input the constant initial parameters of MMC and the
variables which are needed to be solved, a fixed-size initial
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population size and generation iteration

v

Determine objective
functions u../; and constratins

(Determine designed MMC parameters,)

Gnerate initial
population vy, v, i, i.

.| Non-dominated <J|
sorting

Crossover | Mutation

Elitism strategy: combine
the best individual

utput Pareto front u,i, and
solution set vy, Ve,ig.i.

FIGURE 7. Flowchart of MOGA-based multiple injection optimization.

population is randomly generated. Most parameters are set
to the default value. For example, the population size set
as 50 and generation iteration set as 400. The accuracy is
appropriately increased according to whether the calculation
can be completed. Each individual in the population consist
of variables as solutions. Then the individuals are evaluated
by the objective functions and their distance are measured for
ranking. Once all individuals are ranked, the Pareto solutions
are chosen to be modified by the selection, crossover and
mutation. Then, the population is restructured and the genera-
tion plus one. The ultimate Pareto solution cannot be obtained
until the generation reaches the maximum.

The priority for different objectives should be set in
advance to determine the specific solutions under different
conditions. In this paper, two parallel objectives are chosen
to improve the performance of MMC, namely the minimum
capacitor voltage ripple and minimum arm RMS current.

A. CONSTRAINTS

1) OUTPUT CAPABILITY OF ARM VOLTAGE

Because the rated capacitor voltage is a constant, the peak
value of the modified arm voltage reference should not exceed
the maximum arm voltage value, which is expressed as

Up(n)-peak =< NUcref (29)

The ultimate optimized peak value of the arm voltage
reference is exactly near to the maximum arm output voltage,
and it increases the SM capacitor voltage utilization with
enhanced MMC performance.

2) ENERGY BALANCE OF CAPACITORS

As indicated from (22), the capacitor current equals to the
product of the arm switching function and arm current.
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FIGURE 8. Optimization Pareto front with power factor of 1.

To ensure the energy balance in whole fundamental period,
the dc capacitor current should equal to zero during the all
period, which is restrained as

cos <,B — arctan l—c) =0 (30)
Is
(30) reveals that the phase angle of the second harmonic
voltage is approximately 90° phase leading to the circulating
current, which complies with inductor characteristics.

B. SIMULATION RESULT

The solution set obtained by this method is very dense when
use MATLAB gamultiobj and gaoptimset function. In this
paper, the optimization algorithm is carried out in MAT-
LAB/Global Optimization Toolbox. And this toolbox is a
straightforward and convenient method to solve GA problem
according to instructions of MATLAB. To validate the effec-
tiveness of the proposed scheme, simulations are constructed
using MATLAB/Simulink. Engineering model choose Nan-
feng converter station MMC of Shanghai Nanhui wind power
plant. The SM capacitance is 6mF. The rated dc-link voltage
and the SM number per arm are 60kV and 48, respectively.
Thus, the rated capacitor voltage and the ripple is set to be
1250V and 58V.

Fig. 8 shows the Pareto front which gives the multi-
objective optimization under given parameters. It shows that
the RMS of the arm current and the maximum capacitor volt-
age ripples are unable to achieve the minimum optimal values
simultaneously. In the Pareto front, the capacitor voltage rip-
ple reduces at the cost of promoting the arm RMS current, and
vice versa. So, the optimal solution can be acquired according
to the actual demands. In this study, the solution corresponds
to the lowest arm RMS current is chosen as an example.

The simulation waveforms of the capacitor voltage ripple,
arm voltage and arm current are depicted in Fig. 9. Compared
with third harmonic injection in [16] and multiple injection
without optimization in [19], the peak SM capacitor voltage
ripple reduces by 22% and 15% respectively, and the RMS
of the arm current decreases by 5.4% and 7.6%. The arm
voltage is below NU. and realize the ideal maximum value
1.15, which is consistent with the above analysis. The simu-
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FIGURE 9. Simulation waveforms of the RMS of arm current and
capacitor voltage ripple with power factor of 1. (a) third harmonic
injection in [17]. (b) multiple injection without optimization in [22].
(c) multiple injection optimization with optimization.

FIGURE 10. Optimization Pareto front with power factor of 0.8.

lation results prove the practicability and effectiveness of the
proposed method.

Fig. 10 shows the Pareto front with power factor of 0.8. The
simulation waveforms of the capacitor voltage ripple, arm
voltage and arm current are depicted in Fig. 11. Compared
with third harmonic injection and multiple injection without
optimization, the peak SM capacitor voltage ripple reduces by
25% and 17% respectively, and the RMS of the arm current
decreases by 5.5% and 9.4%. From the result, the power
factor does not affect the performance of the proposed control
method.

In the simulation, the harmonic injection has little effect on
the fundamental frequency current control. The second-order
harmonic injection method is mainly completed in the cir-
culation suppression controller and the third-order harmonic
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FIGURE 11. Simulation waveforms of the RMS of arm current and
capacitor voltage ripple with power factor of 0.8. (a) third harmonic
injection in [17]. (b) multiple injection without optimization in [22].
(c) multiple injection optimization with optimization.

FIGURE 12. Downscaled MMC prototype.

injection method is completed by accumulating the corre-
sponding third harmonics after close-loop control.

VI. EXPERIMENTAL VERIFICATION

A downscaled MMC prototype is built to demonstrate
the correctness of the proposed multiple injection scheme.
The photograph consisting of six identical arms is shown
in Fig. 12. The parameters of the prototype configuration
are listed in Table 2. The control system is constructed
through a widely-used digital signal processor (DSP) board
(TMS320F28335) and three field programmable gate array
(FPGA) boards (EP3C25Q240C8N). The DSP generates
upper and lower arm reference voltages under closed-loop
control. FPGAs implement the modulation process with a
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TABLE 2. Experimental parameters.

Parameters Symbols A B
Rated active power P 1200w 1200w
DC voltage Use 160V 160V
AC phase voltage Un 80V 92v
AC phase current In 10A 8.7A
SM capacitance C 3.8mF 3.8mF
Rated capacitor voltage Ue 40V 40V
Arm SMs number N 4 4
Modulation index m 1.0 1.15

FIGURE 13. Experimental waveforms with natural circulating current.
(a) arm and circulating currents. (b) arm voltages. (c) SM capacitor
voltage.

capacitor voltage balancing algorithm, then conducts switch-
ing signals to SMs by optical fibers. The PIC board (16F883)
in each SM receives the switching signals and generates gate
drive pulses.

A. CIRCULATING CURRENT CONTROL
The experimental results under unity power factor condi-
tions with different circulating control schemes are depicted
in Fig. 13-15. The arm voltage contains mainly dc and funda-
mental frequency components, and the amplitude is approxi-
mately 80V due to the limit of dc voltage amplitude in HBSM
MMC.

Fig. 13 and Fig. 14 show that the arm circulating currents
are composed of dc and second-order harmonic components.
With second-order harmonic circulating current suppressed,
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FIGURE 14. Experimental waveforms with suppressed circulating current.
(a) arm and circulating currents. (b) arm voltages. (c) SM capacitor
voltage.

FIGURE 15. Experimental waveforms with injected circulating current. (a)
arm and circulating currents. (b) arm voltages. (c) SM capacitor voltage.

both the arm current stress and capacitor voltage ripples
reduce. From Fig. 15, the circulating current is actively
injected, which causes the arm current to slightly increase
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FIGURE 16. Experiment MOGA-based optimization Pareto front.

FIGURE 17. Experimental waveforms with coordinated multiple injection.
(a) arm and circulating currents. (b) arm voltages. (c) SM capacitor
voltage.

from 4.34A to 4.64A. Moreover, compared to the natural cir-
culating current conditions, the SM capacitor voltage ripples
are decreased from 2.8V to 1.7V.

B. COORDINATED MULTIPLE INJECTION

The results of the optimization algorithm for experimen-
tal conditions are shown in Fig. 16. The solution corre-
sponds to the lowest arm RMS current is still chosen in
this section. As shown in Fig. 17, the experimental results
with coordinated multiple injection optimization show that
arm voltage contains an additional third-order harmonic
voltage. Although its amplitude is still approximately 80V,
the fundamental component amplitude increases to 92V.
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Over-modulation m = 1.15 is realized. In addition, with
optimal multiple injection, the SM capacitor voltage ripples
are further reduced from 1.7V to 1.2V and the RMS of arm
current is reduced from 4.64A to 3.94A.

VII. DISSCUSIONS

From [34], [35], the dc-side fault ride-through capability
makes FBSM/hybrid MMC becomes a trend in engineering
application. However, the method proposed above is limited
in HBSM MMC. And there are some differences between
FBSM/hybrid and HBSM MMC. So, the method must be fur-
ther improved if applied in FBSM/hybrid MMC. Challenges
are listed as follows. First, the over-modulation operation is
not necessarily performed through the third harmonic injec-
tion when FBSM exists. Second, it is necessary to re-analyze
the coupling between the negative voltage and the injected
harmonic voltage. Third, there is a problem of uneven capac-
itance voltage in hybrid MMC [36].

The capacitor voltage ripples and the RMS of the arm
current are part of the factors affecting the costs and losses of
MMC. In fact, the costs and losses of MMC are determined
by many factors. The method in this paper can analyze more
objective functions of influencing factors to further optimize
the costs and losses of MMC.

This method adopts the offline optimization mode. There
are two application scenarios. First, this method is used to
design the optimal capacitor voltage ripple and RMS of the
arm current in typical operating condition of the specific
engineering. Secondly, an off-line table is generated in the
operating conditions. The optimal second- and third-order
harmonic injection are chosen by table lookup during online
operation. The robustness of the solutions generated by the
GA approach is well. The optimal injection will not change
abruptly unless the transmission power changes a lot. If
applied to the online optimization mode, three problems need
to be considered. First, whether the chip can carry the large
computation of the algorithm. Second, whether the time of
algorithm meets the requirements of the control cycle. Third,
how to reasonably select the optimal solution set. These
problems require comprehensive consideration of controller
selection, multi-objective optimization algorithm selection
and online optimization scheme design.

VIIl. CONCLUSION
In this paper, the coupling effect of the second- and third-
order harmonic injection is considered, which makes fixed
injection component not be the optimal method to reduce the
capacitor voltage ripple and the RMS of the arm current.
Then, the optimal contents injection is designed to realize
the minimum capacitor voltage ripple and the RMS of the
arm current with the proposed MOGA, which is constrained
to the arm output voltage capability and the energy balance
of capacitors. The simulation and experiment verify that
the method can reduce the two targets more than the other
methods.
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Future work will focus on the extension of this method in
the FBSM/hybrid MMC and considering the online optimiza-
tion method.
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