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Abstract—This article presents a modified modular multilevel
converter (MMC) equipped with the middle-cells and control algo-
rithm for medium voltage applications. It is intended to reduce the
submodule (SM) capacitor voltage ripples by the third-order har-
monic voltage injection (THVI) and second-order harmonic cur-
rent injection (SHCI) without the common-mode voltage injected
on the ac-side. On the one hand, using the proposed algorithm,
the independent power degrees of freedom can be produced to
eliminate the dominant fundamental part in arm powers, which can
dramatically reduce the SM capacitor voltage ripples. On the other
hand, the smaller amplitude of the SHCI can be obtained, which
decreases the power losses. Meanwhile, by properly controlling
the proposed middle-cells of the modified MMC, the compensated
parts can be produced to eliminate the common-mode voltages
caused by the THVI. Additionally, the arm power analysis of the
modified MMC under different power factors is conducted, and the
obtained results are discussed. The mathematical models of the SM
capacitor voltages for the half-bridge based SMs and the proposed
middle-cells in the modified MMC are also analyzed. Finally, the
effectiveness of the theoretical analysis of the modified MMC is
verified by simulation and experimental results.

Index Terms—Capacitor voltage ripple, middle-cell, modular
multilevel converter (MMC), second-order harmonic current
injection (SHCI), third-order harmonic voltage injection (THVI).

I. INTRODUCTION

HE modular multilevel converter (MMC) is one of the
most competitive topologies for medium to high voltage
applications due to its modular nature, low power losses, small
voltage step and redundancy nature [1]-[4]. Compared to the
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cascaded H-bridge multilevel converters, the MMC system is
free of the bulky transformer feeding the submodule (SM) dc
sources. In the MMC system, the dc bus voltage and ac output
voltage are composed of the floating SM capacitor voltages that
can be easily balanced by absorbing compensated active powers
from arm currents. For years of development, attention has
been mostly paid on the circulating current suppressing method
[5]-[7], balancing control [8]-[10], power quality improvement
[11], and system efficiency [12]-[14]. Therefore, the MMC
has become a promising scheme for medium to high voltage
applications.

In the MMC system, the SM capacitors serve as medium plat-
forms for exchanging powers between the input and output sides.
However, the power exchange between the dc and ac sides usu-
ally results in an undesirable SM capacitor voltage ripple. Mean-
while, the existing research works have verified that the smaller
SM capacitor voltage ripple would be in favor of reducing the
size and weight of the SM capacitors, which occupy more than
half of the overall size and weight of the MMC system. In [5], it
has been demonstrated that the SM capacitor voltage ripple in the
MMC system is mainly influenced by two factors: the common-
mode power and the differential mode power in MMC. Theo-
retically, the influence of the common-mode power on the SM
capacitor voltage ripple can be eliminated by transferring it to the
dc side, which is at the expense of drawing undesirable second-
order harmonics in circulating currents [15]. Generally, the SM
capacitor voltage ripple is mostly influenced by the differential-
mode power. Although the SM capacitor voltage ripple in the
MMC can be extremely reduced by inserting high frequency
voltages and currents into the phase legs, an unexpected large
current ripple would introduce significant power losses [16].
Meanwhile, the inserted high frequency voltage in the MMC
system can decrease the available modulation index range of the
output voltages [16]-[20]. In addition, the undesirable common-
mode voltages produced by the injected voltages are exposed on
the ac side, which can harm the medium voltage motor wind-
ings during a long-term operation [17]. Although many novel
MMC topologies have been proposed to eliminate the drawbacks
caused by the high frequency harmonic injection [18]-[20], this
mostly addresses the common-mode voltage problem, while the
problems of large arm current ripple caused by the injected
high frequency current and reduced modulation index range still
exist.
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Therefore, considering the severe power loss and reduced
modulation index range caused by the high frequency harmonic
injection, the third-order harmonic voltage injection (THVI)
without injecting currents is preferred for the MMC system
[21]-[26]. The THVI aims to redistribute the arm powers with
faster flow powers between the upper and lower arms in the
controllable range without increasing the rms value of the arm
current. The existing research showed that the increased mod-
ulation index would result in the decreased amplitude of the
fundamental part of the SM capacitor voltage ripple. Therefore,
the related studies have been focused on pulling down the peak
value of the arm reference for enlarging the available modulation
index range [23], [24]. A detailed analysis of how the THVI
influences the operating region of the MMC system is presented
in [23]. In [24], an optimal THVI was proposed to calculate the
magnitude and phase of the THVI online to increase the dc-link
voltage utilization. Also, it was found that the peak value of
the arm reference voltage changed with different power factors.
Especially, in order to eliminate the undesirable fundamental
frequency part in the SM capacitor voltage ripple, the MMC
system should operate at the modulation index of 1.414, which
is not feasible in the HBSM-based MMC system [25], [26].
Therefore, by adopting the THVI, the dominant fundamental
part in the SM capacitor voltage ripple can be suppressed only
in part in the HBSM based MMC, thus achieving only a limited
reduction of the SM capacitor voltage ripple.

Aiming to reduce the SM capacitor voltage ripple by the THVI
and second-order harmonic current injection (SHCI), this article
introduces a modified MMC equipped with the middle-cells,
which can suppress the common-mode voltages caused by the
THVI in ac side. On the one hand, the proposed control strategy
in the modified MMC provides the independent power degrees
of freedom for the arm powers, which aims to eliminate the
dominant fundamental part in the SM capacitor voltage rip-
ple. On the other hand, by properly controlling the proposed
middle-cells with specified switching states, the compensated
voltages produced by the proposed middle-cells can suppress
the undesirable common-mode voltages caused by the THVI.
Theoretically, the proposed middle-cells in the modified MMC,
acting as harmonic generators, can achieve any required ac
voltages under sufficient switching frequency.

The rest of this article is organized as follows. Section II
gives the detailed analysis and model of the modified MMC.
In Section III, the influence of the THVI on the arm powers
and SM capacitor voltages in the modified MMC are discussed,
and the control strategy for the proposed middle-cells are also
provided. In order to verify the effectiveness of the theoretical
analysis of the modified MMC, the simulation and experimental
results are presented in Section VI and Section V, respectively.
Finally, Section VI concludes this article.

II. ANALYSIS OF THE MODIFIED MMC SYSTEM
A. Basic Structure and Model of Modified MMC

The basic structure of the modified MMC is illustrated in
Fig. 1, where it can be seen that it consists of three phases:
phase a, b, and c. Each phase is equipped with the upper arm,
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Fig. 1.  Schematic structure of the modified MMC.

Fig. 2. SM structure of the modified MMC. (a) Half-bridge-based SM.
(b) Proposed middle cell.

lower arm, and proposed middle cell. The arms of a single phase
in the modified MMC consist of n SMs and an inductor L. The
basic structure of the SM is displayed in Fig. 2(a), where it can
be seen that each SM consists of a capacitor and two power
switches. Normally, the SM capacitor voltage is chopped by the
two power switches, and the driven pulses of the power switches
are controlled to have complementary features. Meanwhile, the
inductors of phases mainly aim to avoid inrush currents caused
by the SM switching pulses for reliability.

The basic structure of the proposed middle-cell is presented
in Fig. 2(b). Unlike the SMs depicted in Fig. 2(a), the proposed
middle-cell has three output terminals, denoted as m, n, and
s, which are used to connect the upper arm, lower arm and
ac side. Thus, the proposed middle-cell can be divided into
three parts: the left arm, the right arm and the capacitor arm.
The left and right arms consist of two power switches, and the
capacitor arm includes two capacitors connected in series. Also,
the switching pules of the power switches in the left and right
arms of the proposed middle-cells are forced to be switched
complementarily.

As shown in Fig. 2(b), the terminal voltages are produced by
chopping the capacitor voltages with the power switches of the
proposed middle-cells. It should be noted that the positive and
negative voltages in uy,s are derived from the upper and lower
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TABLE I
SWITCHING STATES OF THE PROPOSED MIDDLE-CELL

Switching States Unms Ussn Usmn
Sy1, Syz are on, Sy, Sy are off Usycap “Usucap 0
Sy1, Sysare off, Sy, Sy are on “Uncap Uicap 0
lea Sx4 are on, SXZ’ Sx3are off Uxucap Uxicap uxxzcap+ux1cav
Si1, Sx are off, Sy, S,; are on ~Uslcap =Usucap “Usucap=Uxicap

capacitor voltages of the proposed middle-cell, respectively,
while the positive and negative voltages in uys, are derived
from the lower and upper capacitor voltages of the proposed
middle-cell, respectively. Therefore, the terminal voltages of the
middle-cells in the modified MMC can be expressed as

)]

{uxms = Sz1Uzucap — Sz2Uxlcap

Uxsn = —Sz3Uzucap + SxaUzlcap

where uyycqp and Uyeqp denote the upper and lower capacitor
voltages in the middle-cell of phase x (x = a, b, ¢), respectively,
and s,; x=a, b, c; i =1, 2, 3, 4) denotes the i-th switching
function of the middle-cell, and it is defined as

sm-:{l’ when switch is ON i=1.9....4 @

0, when switch is OFF.

According to (1), any required terminal voltage u,,s in the
proposed middle-cell can be obtained by chopping uzycqp and
Uzicap With 5,7 and 5,9 at the appropriate switching frequency.
Likewise, any required terminal voltage u,s, can be obtained
by chopping u;ycqp and ugeq, with 5,3 and s,,. Therefore,
based on the terminal voltages and switching functions of the
proposed middle-cell that are defined by (1) and (2), respectively,
the terminal voltage u,,,, of the proposed middle-cell can be
expressed as

Ugmn = Ugms + Uzsn

- (Szl - ng) Uzucap + (814 - 51’2) umlca;r (3)

In terms of the modular nature and uniformity, the voltage
references of the upper and lower capacitor voltages in the
proposed middle cell are set to be equal. Meanwhile, since the
power switches in a single arm of the proposed middle-cell
are controlled with complementary signals, based on (1)—(3),
there exists four switching states for the proposed middle-cell,
as listed in Table I . When adopting the first two switching states
for pulse driving, the proposed middle-cell changes only the
feature of the ac equivalent model, while the dc equivalent model
remains unchanged due to the zero voltage of u,,,. However,
when adopting the last two switching states for pulse driving,
the nonzero feature of u,,, introduces an uncontrollable peak
voltage in phase control, resulting in a complex control system.
Therefore, the first two switching states in Table I are preferred
for the proposed middle-cell for achieving an excellent perfor-
mance of the modified MMC.
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u, —u
ms — Usn
Cnx =

Fig. 3. AC equivalent model for single phase of the modified MMC.

According to Kirchhoff’s voltage law, the mathematic model
of the modified MMC system can be expressed as

1 digy
§Vdc — Ugy — Uzms — L dt (%
1 digr _
_QVdc + Uzl + Uzsn + L dtl = Ug

“

where u,,, and u,; denote the upper and lower arm voltages of
phase x (x = a, b, c¢), respectively, i, and i,; denote the upper
and lower arm currents of phase x (x = a, b, ¢), V4. represents the
dc bus voltage, L denotes the arm inductance, and v, denotes the
output voltage of phase x (x = a, b, ¢). Equation (4) shows that
the terminal voltages u,,s and u,,, produced by the proposed
middle-cell, change the circuit feature of the modified MMC.
Through a deep study, and using a linear transformation of (4),
the dc and ac equivalent math models of the modified MMC can
be derived as follows:

ViemUgu=Ua) _ UmstUsn _ [ dizcir _ ()
2 2 dt
Ugpl —Ugy Ums—Usn

L diy __ (5)
2@ U=

where i,.;; denotes the circulating current of phase x (x =a, b, ¢),
and i, denotes the output current of phase x (x = a, b, ¢). The first
and second equations in (5) represent the equivalent dc and ac
mathematical models, respectively. When the first two switching
states of the proposed middle-cell in Table I are applied, the sum
of uyms and s, 1s always controlled to be zero, which means
the proposed middle-cell will not change the performance of the
dc equivalent mathematical model in (5). However, the distinct
situation is introduced for the ac equivalent mathematical model.
The schematic structure of the ac equivalent model is shown
in Fig. 3, where, the inner electromotive force is denoted as
e; (x = a, b, ¢), and it consists of the upper and lower arm
voltages, while e, (x = a, b, ¢) represents the contribution of
the proposed middle-cell. According to (5), the compensated
part e,,, contributed by s and uys, serves as a controllable
voltage source, which aims to produce the required voltage for
improving the performance of the ac equivalent model in the
modified MMC.

III. ANALYSIS AND CONTROL OF MODIFIED MMC SYSTEM
A. Analysis of the Modulation Process With THVI

The basic principle of the THVI is presented in Fig. 4, where
it can be seen that the peak value of the arm reference voltage in
the MMC system can be decreased by the THVI, which provides
a possibility for enlarging the modulation index range. Theoret-
ically, the maximum value of the modulation index of the half-
bridge SM-based MMC can be increased up to 1.1547 by using
the THVI [24]. However, due to the unconformity between the
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Fig. 5. Modulation process of SM capacitor voltage and arm voltage of

the upper arm. (a) SM capacitor-voltage-reference based modulation process.
(b) SM capacitor-voltage-ripple based modulation process.

arm output voltage and the arm voltage reference, the additional
compensation parts produced by the circulating current control
and balancing control are required, which changes the peak
value of the arm voltages. Therefore, the theoretical maximum
equivalent modulation index should be modified. The inserted
third-order harmonic voltage is expressed as

v, = Vp, sin 3wt (6)

where V) denotes the amplitude of the inserted third-order
harmonic.

It is assumed that the SM capacitor voltages in the MMC
system are well-balanced. Normally, the SM capacitor voltages
in the upper and lower arms are supposed to be the same,
respectively. The SM capacitor-voltage-reference based mod-
ulation process of a single SM under the THVI is presented in
Fig. 5(a). By considering the compensation parts produced by
the average control and balancing control, the SM modulation
waveform is changed. As shown in Fig. 5(a), the peak value
of the SM modulation waveform can exceed the SM capacitor
voltage reference, leading to the overmodulation.

For avoiding the overmodulation phenomenon displayed in
Fig. 5(a), the modulation waveform of the i-th SM can be
normalized by the following:

uxsm
. (7

Myyi =
Uzcmy
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where m,,; denotes the i-th normalized SM modulation wave-
form of phase x (x = a, b, ¢; y = u, l), Uzsmy denotes the i-th SM
modulation waveform, and u;.,,, denotes the i-th SM capacitor
voltage of phase x (x = a, b, ¢c; y = u, [). Based on (7), the SM
modulation waveform can be controlled below the SM capacitor
voltage ripple so as to avoid the overmodulation condition. The
SM capacitor-voltage-ripple based modulation process, based
on (7), is presented in Fig. 5(b), where it is shown that the
maximum modulation index point can be tracked when the SM
modulation waveform is extended to reach the peak value of
the SM capacitor voltage ripple. It should be noted that, due to
the unique charging process of the balancing control when the
PSC-PWM [8] is adopted, an undesirable rush voltage appear
in SM modulation waveform control as shown in Fig. 5, which
changes the intersection point of the SM capacitor voltage ripple
and the SM modulation waveform. A different form of (7) can
be expressed as follows:

Ugzsmy = Mayi * Uzemy ()

Equation (8) indicates the influence of the SM capacitor
voltage ripple on the SM output voltage has been considered. In
other words, when producing a desirable SM output voltage, the
normalized modulation waveform m,,,; changes in the opposite
way compared to the SM capacitor voltage ripple. Thus, when
the SM capacitor voltage is higher than the SM capacitor voltage
reference, the normalized modulation waveform ni,,; decreases
in order to support the desirable SM output voltage, and vice
versa.

B. Analysis of the Arm Powers for Modified MMC

For simplification, only phase a of the modified MMC is an-
alyzed in the following. Based on (6), the arm voltage reference
of the modified MMC under the THVI can be expressed as

Ugy—ref = %VdC — V,sinwt — Vj, sin 3wt ©)
Ugl—ref = %Vdc + V, sinwt + Vj, sin 3wt

where Uy,-ref and Uy denote the upper and lower arm voltage
references, respectively, V,, denotes the amplitude of the output
voltage of phase a, and w represents the angular frequency of
the output voltage. It is assumed that the circuit parameters of
the upper and lower arms are highly consistent, so the output
current can be evenly distributed in the upper and lower arms.
Therefore, the arm currents of the modified MMC under the
SHCI can be defined as follows:

%Ia sin (wt — @) + 2Lgeir sin (2wt + 6)

(10)
where i, and i, denote the upper and lower arm currents of
phase a, respectively, I,,.; denotes the dc part of the circulating
current of phase a, [, denotes the amplitude of the output current
of phase a, ¢ denotes the phase angle difference between the
output voltage and output current, z is defined as the second-
order current harmonic index, 6 denotes the phase angle of the
second-order harmonic current, and 0 €[—m, 7].

gl = Iacir -

{iau = Tpeir + %Ia sin (wt — @) + 2Lgeir sin (2wt + 6)
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Combining (9) and (10), the instantaneous arm powers of the
modified MMC can be obtained as

Pau = Pacom + Padif
Pal = Pacom — Padif

Pacom = g Vacla cos (2wt — @) + 2 Vel sin (2wt + 0)
— Vi, cos (2wt + @) + LV, 1, cos (4wt — @)

Padif = 2-m? Vel cos psinwt — %Vdcla cos (wt + 0)
— T”:Vhla cos (wt — 0) — %Vdcla sin ¢ cos wt

+ H5 Vel cos (3wt + 0) — V1, sin 3wt

+ 2 Vi, cos (5wt + 0)

1

where

(12)
where p,, and p, denote the upper and lower arm powers
of phase a, respectively, pucom denotes the common part of
the upper and lower arm powers of phase a, p,q; denotes the
differential part of the upper and lower arm powers of phase a,
and m is the modulation index that can be obtained by [15]. In
order to achieve the maximum modulation index m = 1.1547,
based on [23], the amplitude of the injected third-order harmonic
voltage can be defined as

1
Vii= Ve (13)

According to (12) and (13), the fundamental part of the arm
powers in the modified MMC can be expressed as

2 -
Paf =
_ 7zm?
96
where p s denotes the fundamental part of the arm powers of

phase a. Based on (14), the fundamental part of the arm powers
can be eliminated when the following equations are satisfied:

2—
7zm
96

When the modified MMC operates under the unit power factor
(¢ = 0), the second equation in (15) is valid only when cosf =
0, which yields to

VdCI cos ¢ + 5 VdCI sin 9> sin wt

——Vyel, cos O + Vd( sin <p> coswt (14)

ozm

cos<p+ sinf =0
cos 6 + 4511190—0

5)

7
0=+—.
2

Moreover, the modulation index and the second-order current
harmonic index are limited by

(16)

a7

0<m <1.1547
z > 0.

Therefore, according to (15)-(17), the first equation in (15) is
valid only when sinf<0 under unit the power factor (¢ = 0),
which yields to

e:_g. (18)

By substituting (18) and ¢ = 0 into (15), p4s under the unit
power factor can be eliminated when the following condition is
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TABLE II
RELATIONSHIPS BETWEEN ¢, 0, AND Z WHEN M = 1.1547

0 0.0287 | 0.056n 0.0837 0.111x
0 0.5 -0.561x | -0.617x | -0.667x | -0.71lx
z 1.20 122 1.26 1.34 1.43
satisfied
4= (2—1—2,2) m2. (19)

When the modified MMC operates at other power factors,
(15) can be expressed as

zsinG:f%2 cosga

zcosf = — 7%2 sin (.

Based on (20), the relationship between 6, ¢, and m when
#0 can be obtained as follows

(20)

7
tanf = 10 (2 — m2) cot . 21)

Based on (21), once the modulation index is specified when
o # 0, the phase angle of the injected second-order harmonic
current can be calculated by the phase angle of the output voltage
and the output current. Then, the second-order harmonic current
index can be calculated by (20).

Table II lists the relationships between 6, o, and z at m =
1.1547 when the fundamental part of the arm powers is elim-
inated. It shows that the second-order harmonic current index
z and the absolute value of 6 increase with . Therefore, the
minimum value of z can be obtained when the modified MMC
operates at the unit power factor. Particularly, since the MMC
system is usually controlled at nearly unit power factor, the arm
powers of the modified MMC operating under the unit power
factor have been mainly analyzed. When transferring only the
active power, the arm powers of the modified MMC can be
expressed as

Pacom = Vel cos 2wt — thIa cos 2wt
—l—thI cos 4wt

padzf = MVdcl sinwt + £

VdC sin 3wt — V1, sin 3wt + £

(1-z)m
8

VhI sin wt
VhI sin bwt
(22)
Based on (19), the variation of the second-order current har-
monic index with the modulation index under the unit power
factor in the modified MMC is depicted in Fig. 6. As shown
in Fig. 6, the second-order current harmonic index z decreases
when the modulation index increases. Especially, the second-
order current harmonic index is two times larger at m = 1 than at
m = 1.1547. Therefore, the minimum value of the second-order
current harmonic index can be obtained when the modulation
index is equal to its maximum value m,,,x. Therefore, based on
(19), it yields to

e = 1.154
{m 547 o3

Zmin — 1.2.
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Fig. 6. Second-order harmonic current index of the modified MMC varied
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Fig. 7. Power distribution of the modified MMC under the THVI.

Combining (13), (22), and (23), the following expressions can
be derived

Pacom = 225 Vy 1, cos 2wt — Zminflmax Vo [, cos 2wt
— e VeI, cos 2wt + ==V, I, cos dwt
. 2 . 2 .
Padif = “2nmaxVy I, sin 3wt — =22V 1, sin 3wt

2 .
+ 7@,.,,,972 max |/, [, sin Swt.

(24)

Based on (24), the fundamental parts of the arm powers of the
modified MMC have been eliminated, and the dominant powers
in the SMs are the second-order harmonics. Meanwhile, (14)
also shows that the second term in pcom, the first term in p 47,
and the third term in p ,4;f express the contribution by the SHCI.

C. Power Distribution Analysis of the Modified MMC

The power distribution of the modified MMC under the THVI
is presented in Fig. 7. It is assumed that the high frequency har-
monics caused by switching pulses are neglected, so the upper
arm voltage can be expressed as the formation of 0.5V, —v,,
and —vy, while the lower arm voltage can be expressed as the
formation of 0.5V, v4, and vy, Uy and Uz, (x = a, b, ¢) denote
the compensated parts generated by the proposed middle-cells
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for the upper and lower arms of the modified MMC, respectively.
As shown in Fig. 7, the arm voltages and the corresponding
compensated part produced by the proposed middle-cell can be
integrated into an equivalent arm of the modified MMC, which
shows the same external characteristic as that of the traditional
MMC topology.

As depicted in Fig. 7, the HBSMs and the proposed middle-
cells act as the medium platform for power exchanging between
the dc and ac sides. In the modified MMC system, the dc source
delivers the active powers to the HBSMs, which are sent to the
loads instantly. At the same time, the first and second terms in
the right hand of p,con in (24) are delivered from the HBSMs
to the loads, and the third and fourth terms in the right hand
of pacom 1n (24) flow back and forth between the HBSMs and
proposed middle-cells. The first term in the right hand of p,qit
in (24) is controlled to flow back and forth between the upper
arm HBSMs and lower arm HBSMs, while the second and third
terms in the right hand of p,q;r in (24) are controlled to exchange
powers between the HBSMs and proposed middle-cells.

D. Analysis of the SM Capacitor Voltage Ripples

In[15],ithas been verified that the arm powers and SM capaci-
tor voltage ripples contain the same frequency components of the
MMC system, and the amplitude of the i-th harmonic in the SM
capacitor voltage ripple can be calculated by the i-th harmonic
of the arm powers [15]. Therefore, according to (24), the SM
capacitor voltages of the modified MMC can be expressed as

Ugemu = Uref T Ugcom + Uadif (25)
Uacmi = Uref + Uacom — Uadi f
where
Uacom = "16Cwl,epn Vel sin2wt 96CwUreanchasm2wt
mlnax L1
+1ozcat T Vaclasindwt
TP — MV I Cos3wt+%‘/ I cos 3wt
adif 48CwUresn dela U TemimP el
Zrninml‘ﬂax
~T0Cw i Vacla cos 5wt
(26)

where i .y, and U 4..,; denote the upper and lower SM capacitor
voltages of phase a, respectively, u,.r denotes the SM capacitor
voltage reference, u 4o, represents the common part of U ey,
and Uqemi, and uqq;¢ represents the differential part of #gcima
and u 4. According to (26), the SM capacitor voltage ripple
of the modified MMC mainly contains four different frequency
components. The second-order harmonics in ugc0m, and the
third-order harmonics in u,4;f are dominant in the SM capacitor
voltage ripple, while the fourth- and fifth-order harmonics in
(26) have slight significance in SM capacitor voltage ripple.

Based on (26), the SM capacitor voltage ripple function of the
modified MMC can be derived as

g1 =
—1.27sin2wt+0.289 sin 4wt F 1.156 cos 3wt F 0.16 cos dwt
48CwU ey
X Vael, 27
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where €; denotes the SM capacitor voltage ripple function of
the modified MMC under the proposed scheme, and sign F
contributes to the upper arm and lower arm capacitor voltage
ripple. Accordingly, the peak-to-peak value of the SM capacitor
voltage ripple in (27) can be expressed as

8.61V, 1,

o Tata 28
8Cwlom )

X1 = max (g1) — min (1) &
where A1 denotes the peak-to-peak value of the SM capacitor
voltage ripple function €;.

Meanwhile, aiming to verify the effectiveness of the proposed
method in the modified MMC, it is necessary to calculate the
SM capacitor voltage under the traditional MMC topology. For
the sake of fair comparison, the traditional and modified MMCs
should operate under equal modulation index and system power.
Therefore, the SM capacitor voltage of the traditional MMC
under the THVI is calculated by

_ 5m : m :
Ugcom = 796CwUmandCIasm2wt + 71920wUmanchasm4wt
L _2-m® _m?
Uadif = =500 n Vdela COSWE+ Trmp—y
Vael, cos 3wt
(29)

Similarly, based on (29), the peak-to-peak value of the SM
capacitor voltage ripple at m = 1.1547 can be expressed as

~

Eo =

F4 coswt + 2.887sin2wt + 0.444 cos 3wt+0.289 sin 4wt
48CwU e fn

(30)

where €5 denotes the SM capacitor voltage ripple function of
the traditional MMC under the THVI. Based on (29), the peak-
to-peak value of €2 can be given as

21.75V, 1,
ko = max (g2) — min (g3) & -

A 31
48CwU e fn @D

where Ao denotes the peak-to-peak value of the SM capacitor
voltage ripple function e5.

According to (30), the fundamental part denotes the dominant
part in the SM capacitor voltage ripple of the traditional MMC,
which is mainly contributed by differential-mode powers in arm
powers [8]. However, by power redistribution in the modified
MMC using the proposed method, the SM capacitor voltage
ripples in (27) are mainly influenced by the common-mode
POWET P 4 com and differential power p ;7. By comparing (28) and
(31), it can be concluded that in the modified MMC, a significant
reduction of the SM capacitor voltage ripple can be achieved.

E. Analysis of the Proposed Middle-Cell

As explained in Section II, the undesirable common-mode
voltages caused by the THVI appear on the AC side. Aiming to
solve this problem, the voltage reference of the proposed middle-
cell in the modified MMC can be defined as

{uzms = V), sin 3wt

. (32)
Ugpsn = — Vp sin 3wt.

Vcha
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Considering (32) and the first two switching states in Table I,
the driving signals of the power switches in the proposed middle-
cells can be defined. Therefore, the currents of the left arm in
the proposed middle-cells split the upper arm currents with the
specified proportion, which can be expressed as

. o 1 Vi, . .
lalup = — 5 <1 + 30, Sit Swt) -

. ) v . (33)
lallow = 35 (1 — 2U':Lef sin Bwt) -

where i, and iz,,, denote the upper and lower arm currents
of the left arm in the proposed middle-cell of phase x (x = a, b,
¢), respectively, and i,,, denotes the upper arm current of phase
x(x=a,b,c).

Similarly, the currents in the right arm of the proposed middle-
cell can be expressed as

. v . .
irup = 5 (1 + g7 sin 3wt> gl
. o _l o Vh
lerlow = 5 (]- 2U e s

where i, and iz,0,, denote, respectively, the upper and lower
arm currents of the right arm in the proposed middle cell of
phase x (x = a, b, c), respectively, and i,; denotes the lower arm
current of phase x (x = a, b, ¢). For simplification, the analysis
of the proposed middle-cell for phase a is provided. According
to (10), (33), and (34), the capacitor currents in the proposed
middle cell are given as

(34)

sin 3wt> -

iaucap = _ialup - Z-u,rup = %Ia sin (Wt - @)
—i—% cos (2wt + ¢) — g S cos (4wt — ) 35)
ialcap = —lallow — tarlow = _%Ia sin (Wt - QD)

‘/'hlll

—&-SVU’*TI:f cos (2wt + ) — STE. COS (4wt — )

where i gycqp and i 4.4, denote, respectively, the upper and lower
arm currents of the capacitor arm in proposed middle-cell of
phase a. Based on (35), the output current is evenly split between
the upper and lower capacitor currents in the proposed middle-
cell. Thus, the fundamental component with same amplitude, but
the opposite sign, will appear in the upper and lower capacitor
voltage ripples of the proposed middle-cell. Meanwhile, due to
the common parts of i4ycqp and igicqp in (35), the same voltage
ripple on capacitor voltage appears in the proposed middle-cell.
Therefore, according to (35) and the above discussion, the
capacitor voltages in the proposed middle-cell can be expressed
as

Ugucap = Uref + Uamcom + Uamdif (36)
Ualcap = Uref + Uamecom — Uamdif
where
Ugmcom = % sin (2wt + (,0) - % sin (4wt - gp)
Uamdif = — zlcaw cos (wt — ) .

where Ugycqp and ugcqp denote, respectively, the upper and
lower capacitor voltages of the proposed middle-cell of phase
a, Ugmeom Tepresents the common part of Ugyeqp and Ugicap,
Uqmaif Tepresents the differential part of uqycqp and gicqp, and
U,s denotes the capacitor voltage reference of the proposed
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Fig. 8. Control of the proposed middle cell. (a) Balancing control of the
capacitor voltages. (b) Average control of the capacitor voltages.

middle-cell. In (37), the fundamental parts of the upper and lower
arm capacitor voltage ripples have the same amplitude but the
opposite sign. However, the second and fourth-order harmonics
in (37) are equal for #¢,¢.qp and 1 44¢qp, and they are much smaller
than the fundamental part in (37).

F. Control of the Proposed Middle-cell

The control structure of the proposed middle-cell of the
modified MMC is presented in Fig. 8, where it can be seen
that it includes the average control and balancing control. In
the balancing control of the proposed middle-cell that is shown
in Fig. 8(a), the compensated active powers, absorbed from the
output current, are proposed for the modulation waveforms of
the proposed middle-cells once the capacitor voltages of the pro-
posed middle-cell deviate from the voltage reference. However,
as shown in Fig. 2(b), the capacitor currents are contributed by
both the left arm and the right arm of the proposed middle-cell,
which means using only the balancing control is not sufficient for
balancing the capacitor voltages. Therefore, the average control
of the proposed middle-cell is introduced, and it is shown in
Fig. 8(b).

According to the above discussion, the voltage reference of
the proposed middle-cell can be expressed as

Ugmid = Vi sin 3wt + Aumucap + Auaﬂlcap + Aumcap (38)

where u;,,;q denotes the voltage reference of the proposed
middle-cell of phase x (x = a, b, ¢), Auyycap (v = u, [) denotes
the compensation part produced by the balancing control, and
Atgeqp (x = a, b, ¢) denotes the compensation part produced
by the average control. As discussed in Section II, the terminal
voltage u,,, in the proposed middle-cell is obtained by chopping
sy; and sgo. Therefore, by considering the influence of the
control system, the driving signals of the left arm in the proposed
middle-cell for achieving desirable u,,,, s can be obtained by (38).
Meanwhile, since the first two switching states in Table I are
selected, the switching signals of 5,3 and s, in the proposed
middle-cell are driven with the same signals of s,; and s, for
producing desirable u,.

G. Power Losses Analysis

One of the differences between the traditional and modified
MMCs is the arm current waveform. Therefore, at the same
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Fig. 9.  Power losses of the traditional and modified MMCs. (a) Conduction
losses. (b) Switching losses.

TABLE III
CIRCUIT PARAMETERS FOR SIMULATION

Symbol Quantity Value
Vie Dc-link voltage 200V
N Number of SMs per arm 4

C SM capacitor ImF
Chid Middle-cell capacitor 2mF
L Arm inductor 10mH
fe SM switching frequency 1kHz
fre Middle-cell switching frequency 10kHz
f Fundamental frequency 50Hz
Uem SM capacitor voltage reference 50V
U,ia Middle-cell capacitor voltage reference 50V
Rioad Load resistance 50Q

load, the arm currents of the modified MMC contain the ad-
ditional second-order harmonic currents in comparison to the
arm currents of the traditional MMC. Meanwhile, due to the
additional power losses caused by the proposed middle-cells,
both conduction and switching losses in the modified MMC are
larger than those in the traditional MMC. The calculation results
of the conduction and switching losses of the traditional and
modified MMCs are presented in Fig. 9. The parameters in Fig. 9
are the same as those in the simulations, all the semiconductor
devices are at Ty; = 25°C and Vgg = 15V (Type of the IGBT
module in experiment is FF150R12ME3G).

IV. SIMULATION RESULTS

The detailed mathematical model and SM features of the
modified MMC have been analyzed in Section II. In order to
verify the effectiveness of the above discussion, the simulation
of the modified MMC is performed under MATLAB/Simulink.
Aiming to obtain the superior output voltage and maintain an
evenly harmonic distribution among the SM output voltages, the
phase-shifted carrier PWM (PSC-PWM) is adopted [8]. Detailed
simulation parameters are listed in Table III.

For the sake of fair comparison, the SM capacitor voltages
of the traditional MMC under the THVI are simulated at m =
1.1547. The SM capacitor voltages of the traditional and mod-
ified MMCs are presented in Fig. 10. As shown in Fig. 10(a),
the peak-to-peak value of the SM capacitor voltage ripple of the
traditional MMC is 2.1V, while that of the modified MMC is
0.9V as shown in Fig. 10(b); thus, a significant reduction in the
SM capacitor voltage ripple is achieved by the modified MMC.
The spectrum distributions of the SM capacitor voltages are
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Fig. 10. SM capacitor voltages with the THVI. (a) Traditional MMC.
(b) Modified MMC.
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Fig. 11.  Spectrum distribution of SM capacitor voltage. (a) Spectrum dis-

tribution of the SM capacitor voltage in traditional MMC with the THVI. (b)
Spectrum distribution of the SM capacitor voltage in modified MMC with the
THVL

TABLE IV
PEAK TO PEAK VALUE OF SM CAPACITOR VOLTAGE RIPPLE

Type Theoretical results Simulation results
Modified MMC 0.76V 0.9V
Traditional MMC 1.93V 2.1V

displayed in Fig. 11. Fig. 11(a) shows the spectrum distribution
of Fig. 10(a), and Fig. 11(b) shows the spectrum distribution
of Fig. 10(b). As shown in Fig. 11(a), the dominant ripple in
the SM capacitor voltage is the fundamental part. However, in
the modified MMC, the fundamental part in the SM capacitor
voltage ripple is basically eliminated as shown in Fig. 11(b).
Moreover, the theoretical calculations obtained by (28) and (31)
and simulated results of the SM capacitor voltage ripple of the
modified and traditional MMCs are listed in Table IV , where a
good agreement between the theoretical and simulation results
can be observed.

The arm currents and the corresponding spectrum distribution
of the modified MMC are depicted in Figs. 12(a) and 13(a),
respectively, where it can be seen that the arm currents mainly
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Fig. 12.  Currents of the modified MMC. () Arm currents of the modified

MMC. (b) Circulating currents of the modified MMC.
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Fig.13.  Spectrum distribution of the currents in modified MMC. (a) Spectrum
distribution of the arm current. (b) Spectrum distribution of the circulating
current.
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Fig. 14.  Capacitor currents of the middle-cell in the modified MMC.

consist of the dc part, fundamental part and the second-order
harmonic part. The circulating current and the correspond-
ing spectrum distribution of the modified MMC are shown
in Figs. 12(b) and 13(b), respectively, where it can be seen
that the circulating current mainly contains the dc part and the
second-order harmonic. The simulation results in Figs. 12 and 13
are basically in accordance with the calculation results obtained
by (10).

According to the power distribution in Fig. 7, the proposed
middle-cells in the modified MMC serve as a medium platform
for power transfer between the upper arm, lower arm and ac side.
The capacitor currents of the proposed middle-cell are shown in
Fig. 14. The spectrum distribution of the capacitor current in
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Fig. 15. Capacitor voltages of the middle-cell in the modified MMC.
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Fig. 16.  Spectrum distribution of the middle-cell. (a) Spectrum distribution of

the capacitor current in the middle-cell (b) Spectrum distribution of the capacitor
voltage in the middle-cell.
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Fig. 17.  Output voltage of the modified MMC with the THVL

the proposed middle-cell is shown in Fig. 16(a), where it can
be seen that the capacitor currents in the proposed middle-cell
consist of the fundamental part, second-order and fourth-order
harmonics, which highly is coincidental with the discussion in
(35). The capacitor voltages in the proposed middle-cell of the
modified MMC are shown in Fig. 15, and the corresponding
spectrum distribution is shown in Fig. 16(b). It shows that the
fundamental parts of the upper and lower capacitor voltages of
the proposed middle-cell have equal amplitude but opposite sign,
which is consistent with the calculated results in (37).

The results show that the THVI can increase the utilization
of the dc bus voltage in the MMC system, but it introduces
undesirable common-mode voltages on the ac side. However, in
the modified MMC, by proper control of the proposed middle-
cells, the influence of the THVI on the ac side can be signif-
icantly improved. Generally, the common-mode voltages are
not directly imposed in the output voltages. The output voltage
of the modified MMC with the THVI is presented in Fig. 17.
The common-mode voltage caused by the THVI in the MMC
system is displayed in Fig. 18. The common-mode voltage of
the traditional MMC topology is shown in Fig. 18(a), where
an undesirable dominant third-order harmonic voltage can be
observed. However, in the modified MMC, the compensation
part produced by the proposed middle-cell is used to elimi-
nate the undesirable third-order harmonic voltage, as shown
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Fig. 18. Common-mode voltages in MMC. (a) Common-mode voltage with
the THVI in traditional MMC. (b) Common-mode voltage with the THVI in
modified MMC.
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Fig. 19. Spectrum distribution of the common-mode voltage. (a) Spectrum
distribution of the common-mode voltage in the traditional MMC with the THVI.
(b) Spectrum distribution of the common-mode voltage in the modified MMC
with the THVIL

in Fig. 18(b); the corresponding spectrum distributions of the
common-mode voltages are shown in Fig. (19), where it can
be seen that the common-mode voltage in the modified MMC
can be mostly suppressed compared with that in the traditional
MMC.

V. EXPERIMENTAL RESULTS

The downscaled power prototype of the modified MMC is
built to verify the effectiveness of the discussion. Due to the
limitation of the experimental facilities, the monophase power
stage with four SMs per arm is established. Fig. 20 is the basic
construction of the modified MMC system. It consists of the
power stage and the control system. The modified MMC is
operated at inverter mode, which is fed by the dc source com-
posed by a three-phase uncontrollable rectifier. Fig. 21 shows the
control system, which consists of a TI-tms320f28335 DSP chip
and an Altera EPACE115F23C8N FPGA chip. The DSP chip in
the control system serves as the host one to achieve the control
algorithm, while the FPGA chip sends the required signals to the
DSP chip and produces the PWM signals for the power switches.
The whole photograph of the experimental circuit is shown
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Fig. 22.  Experimental photograph of the modified MMC.

in Fig. 22. The detailed experimental parameters are listed in
Table V.

The experimental results of the SM capacitor voltages of
the traditional and modified MMCs are presented in Fig. 23.
As depicted in Fig. 23(a), the peak-to-peak value of the SM
capacitor voltage ripple of the traditional MMC is 4V, while
that of the modified MMC is 1.95V, as shown in Fig. 23(b).
Obviously, the modified MMC shows better performance in SM
capacitor voltage ripple reduction. As discussed in Section III,
this is mainly due to the inserted second-order harmonic currents
given by (10), which provided the power degree of freedom
under the THVI for eliminating the dominant harmonics in arm
powers. The corresponding arm currents of the modified MMC
are shown in Fig. 24, which shows the nonsinusoidal feature.

The experimental results of the capacitor voltages of the
proposed middle-cell in the modified MMC are shown in Fig. 25,
where it can be seen that the upper and lower arm capacitor
voltages in the proposed middle-cell contain the opposite voltage
ripples, which verifies the theoretical analysis and relationships
given in (36) and (37). Finally, under the proposed control, the
output voltage and current of the modified MMC are shown in
Fig. 26.
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Fig. 23.  Experimental results of the SM capacitor voltage. (a) SM capacitor
voltage of traditional MMC. (b) SM capacitor voltage of modified MMC.
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Fig.25. Experimental results of the middle cell capacitor voltages in modified
MMC.
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Experimental results of the output voltage and current in modified

VI. CONCLUSION

This article presents a modified MMC topology based on
proposed middle-cells, which aims to achieve a large reduction
in the SM capacitor voltage ripple under the THVI and SHCI
without common-mode voltage injected on the ac side. First, the
arm power analysis of the modified MMC under the THVI and
SHCI using different power factors is provided. It is found that
the modified MMC operating at a reduced power factor requires
a larger amplitude of the second-order harmonic current when
eliminating the fundamental part of the SM capacitor voltage
ripple. In addition, the increased modulation index results in
the decreased amplitude of the second-order harmonic of the
circulating current. The minimum value of the amplitude of
the second-order harmonic current can be obtained when the
modified MMC operates at the unit power factor, which can
limit the power losses to the acceptable range. Meanwhile,
the analysis and control of the proposed middle-cell in the
modified MMC is also presented. The analysis result shows
that the common-mode voltage caused by the THVI can be
basically suppressed by the proposed middle-cells of the mod-
ified MMC. The effectiveness of the theoretical analysis of the
modified MMC is verified by the simulation and experimental
results.
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