IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 36, NO. 6, JUNE 2021

6389

Configuration and Operation of Nine-Arm
Modular Multilevel Converter With Improved
Hybrid Submodules

Futian Qin
Tao Xu

, Student Member, IEEE, Feng Gao
, Member, IEEE, Jinyu Wang

Abstract—This article proposes a new nine-arm modular mul-
tilevel converter (9A-MMC) with improved hybrid submodules
for middle arms. In specific, the middle arms are formed by
the unidirectional current full-bridge submodules (UC-FBSMs),
while the upper and lower arms are formed by the traditional
half-bridge submodules (HBSMs). Compared with the standard
9A-MMC where the upper, middle, and lower arms are all formed
by HBSMs, the dc-side voltage of the new 9A-MMC can be reduced
by one-third, and whose switch count is the same as that of the
standard 9A-MMC. Moreover, the dc offset in the common mode
voltages (CMVs) of the new 9A-MMUC is eliminated. In this article,
the middle arm current of the new 9A-MMC was thoroughly
discussed, and the maximum operation range of the new 9A-MMC
was also presented. To enlarge the operation range of the proposed
9A-MMC, a middle arm current reshaping control method was put
forward as well. The feasibility and performance characteristics of
the proposed 9A-MMC were finally verified by the simulation and
experimental results.

Index Terms—Modular multilevel converter (MMC), nine-arm
modular multilevel converter (9A-MMC), submodule (SM), arm
current control.

I. INTRODUCTION

INCE modular multilevel converter (MMC) was first pro-
S posed in [1], [2], it has drawn the increasing interests and
become one of the most promising multilevel topologies in
medium/high-voltage applications, such as high-voltage direct
current (HVdc) transmission systems [3]—[5], flexible ac trans-
mission systems (FACTSs) [6]-[8], medium-voltage motor drives
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[9], [10], etc., due to its prominent advantages of modularity,
scalability, and superior harmonic performances [11]-[13].

There are several medium/high-voltage applications includ-
ing two sets of three-phase terminals, such as medium-voltage
dual-motor drives, unified power flow controller (UPFC), where
two independent MMCs were generally employed [8], [14].
Fortunately, it is possible to integrate two MMCs into one com-
pact nine-arm MMC (9A-MMC) with two sets of three-phase
terminals [15]-[18]. Compared with two independent MMCs,
9A-MMC can save 25% of the required arms and 50% of the
arm inductors to reduce system volume, weight, and cost.

The 9A-MMC was first proposed in [19], where the dc-side
of submodules (SMs) in the 9A-MMC was replaced by ideal dc
sources to simplify the control scheme design, the circulating
current suppression control (CCSC) and capacitor voltage bal-
ancing control (CVBC) were not considered in [19]. The detailed
operation analysis and control scheme of 9A-MMC including
CCSC and CVBC were presented in [20], [21]. Moreover, the
operationrange of 9A-MMC is limited, and the dc-side voltage is
increased by 50% compared with the conventional MMC. There-
fore, a unique operation mode of 9A-MMC that the number of
SMs in each arm can be different was presented in [21], and the
operation range limitation of 9A-MMC can be eliminated by the
elaborate design of the number of SMs in each arm. However,
under this unique operation mode, the number of SMs will be
increased when the amplitude of two output voltages and the
relative phase angle between two output terminals are large,
which means the advantages of reduced system cost and size in
9A-MMC will be not obvious. Besides, the dc-side voltage of
9A-MMC needs to be varied with the sum of SM number in one
phase under this unique operation mode.

In the implementation, the common mode voltage (CMV)
generated by the 9A-MMC has a large dc offset, which is
caused by the unique topological features in nature and can
limit its application. For example, in the 220kV western Nanjing
UPFC project which has been put into commercial operation in
December 2015, both the shunt-side and series-side transformers
are designed to be grounded, if the 9A-MMC is assumed, the dc
current will be introduced into the transformer and then saturate
the transformer core and increase the transformer vibration,
noise, and reactive power losses [22].

It is noted that the 9A-MMC presented in [15]-[21] was
only formed by half-bridge submodules (HBSMs), which can be
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named as standard 9A-MMC in the following for distinguishing
from the hybrid 9A-MMC. In [23], a hybrid 9A-MMC was pro-
posed to feed a medium-voltage six-phase induction machine,
where the middle arms are not composed of the HBSMs but
the conventional full-bridge submodules (FBSMs). With the
benefit of the negative-voltage level generated by the FBSM, the
hybrid 9A-MMC can eliminate the operation range limitation
of the standard 9A-MMC, and the dc-side voltage of the hybrid
9A-MMC can be reduced as well. But, the semiconductor count
of the hybrid 9A-MMC is increased by one-third compared with
the standard 9A-MMC.

However, this article proposes a new 9A-MMC, where the
middle arms are formed by the unidirectional current FBSMs
(UC-FBSMs), while the upper and lower arms are still formed by
the HBSMs. Compared with the standard 9A-MMC, the dc-side
voltage of the new 9A-MMC can be reduced by one-third being
the same as the conventional MMC, and the switch count of the
new 9A-MMC is the same as that of the standard 9A-MMC.
Moreover, there is no longer a dc offset in the CMVs of the
new 9A-MMC. To enlarge the operation range of the proposed
9A-MMC, this article proposes a middle arm current reshaping
control method. Finally, the simulation and experimental results
verified the performance of the proposed new 9A-MMC.

II. TOPOLOGY AND MATHEMATICAL MODEL OF THE
PROPOSED 9A-MMC

A. Topology

Fig. 1 illustrates the new 9A-MMC, which consists of three
phase-legs, and each phase-leg has three arms, the upper, middle,
and lower arms. The upper and lower arms are composed of N
series-connected identical HBSMs, while the middle arms are
composed of N series-connected identical UC-FBSMs. L,, and
L; are the arm inductors in the upper and lower arms, respec-
tively. Generally, L,, = L;. There are two sets of three-phase ac
terminals: one locates at the middle point between upper and
middle arms, and the other locates at the middle point between
the middle and lower arms.

The UC-FBSM can be regarded as a simplified FBSM as
shown in Fig. 2(a), where two switches (51, S4) are replaced by
two diodes (D1, Dy). The current paths of the UC-FBSM when
the current is positive (flowing into the submodule) and negative
(flowing out of the submodule) under the different switch states
are presented in Fig. 2(b) and (c), respectively. It is worth noting
that the current path of the UC-FBSM when the current is
negative is not related to the states of the switches (Ss, S3),
which means the UC-FBSM is uncontrollable when the current
is negative. Moreover, the capacitor in UC-FBSM will be always
charged when the current is negative. Therefore, the operation
state of the UC-FBSM when the current is negative should
only appear in the process of the SM pre-charging [24]. Under
normal operation, the current of the UC-FBSM should be always
positive. As shown in Fig. 2(b), D2 and D3 in the UC-FBSM
will be unnecessary when the current is always positive, and
the current rating of Do and D3 can be lower than that of the
other semiconductors. Although the current of the UC-FBSM
is unidirectional under the normal operation, the capability of
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Fig. 1. Topology of the proposed nine-arm modular multilevel converter (9A-
MMC).
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Fig. 2. (a) Unidirectional current full bridge submodule (UC-FBSM), and its

current paths when the current is (b) positive or (c) negative.
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Fig. 3. Equivalent model of the three-phase new 9A-MMC.

generating negative-voltage levels like conventional FBSM is
inherited in the UC-FBSM.

B. Mathematical Model

The simplified equivalent model of the proposed three-phase
9A-MMC is presented in Fig. 3, where the SMs are considered
as the controlled voltage sources and the voltage of each arm is
the combination of these controlled voltage sources. According
to Fig. 3, the mathematical expressions of the upper, middle, and
lower arms’ voltages and currents of phase j (j = a, b or ¢) in
the new 9A-MMC can be derived as:

diy; .
uyj = (NU.)/2 — wjor — (Lod[th + Rcﬂm) (D
UMj = Ujol — Ujo2 ()
diy .
urj = (NU.:)/2 + tjo2 — LOW + Ryiy 3)
—+00
iuj = lac/3 + Aij1 + (1 — p)ijo + Z ZS;) “4)
n=2

+0oo
Z.Mj = IdC/3 - (1 - )\.)ZJl + (1 — ,U)Z.jQ + Z Z,(;jl) (5)

n=2

“+o00
i = lac/3 — (1= N)ijt — pija + Y il 6)
n=2
where (uyj, unm;, urj) and (ivj, ivj, ir;) are, respectively, the
upper, middle, and lower arm voltages and currents of phase j;
(01, ujo2) and (i, ij2) are, respectively, the converter upper and
lower output voltages and currents of phase j; N is the number of
SMs in each arm; U, is the rated SM capacitor voltage; Ly and
Ry are, respectively, the inductance and resistance of the arm
inductor; A and p are, respectively, the distribution coefficients
of the upper and lower output currents among three arms; /4. is
the dc-side current, and i; ) is the nth-order circulating current
of phase j.
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Moreover, the converter upper and lower output voltages
(o1, Ujo2) can be separately decomposed into two parts, which
can be expressed as

Ujo1 = Uj1 + Umo @)

Ujo2 = Uj2 + Uno (8)
where 1, and uj, are the upper and lower output phase voltages,
respectively, and uy,, and u,,, are the common mode voltages of
the upper and lower output terminals, respectively.

Neglecting the arm inductor voltages, and according to (1)—
(3), the relationships of the converter output voltages (io1, #j02)
and the arm voltages (uyj, unmj, urj) can be derived as

Ujor = (umj + urj — uuj)/2 &)
u]'OQ = (ULj — qu — ’U,Uj)/2. (10)
Finally, the CMVs of the upper and lower output terminals in
the proposed 9A-MMC can be obtained as
Umo = Ujor — w1 = (ungj +urj — uu;)/2 — uj1
= (UMa + ULa — UUa + UMb + ULL — UUL + UMe + ULe
— uye)/6 an

Uno = Ujoz — Ujz = (uLy — unj — wuj)/2 — uje
= (ULa — UMa — UUa + ULL — UMb — UUb + ULc — UMe

— uye)/6. (12)
In comparison, according to the operation analysis of the stan-
dard 9A-MMC in [21], the CMVS (¢ 0, U no) Of the standard
9A-MMC can be expressed as
Umo = (U'nj + u'ty — u'uj) /2 — ' jn
= (U'Ma + U'La — U'ua + t'nmp + U'Lp — U + U Me
+u'Le —u'ye) /6 — (NU.) /4 (13)
Uno = (u'ry — /vy — U'yj) /2 — )2
= (U'La — 'Ma — W'va + 'Ly — 'y — v'up + U'Le
_U/Mc —U/UC)/6+ (NUC)/4 (14)
As shownin (11) and (12), there is no dc offset in the CM Vs of
the proposed 9A-MMC being similar to that of the conventional
MMC, which is mainly dominated by the PWM modulation
scheme [25].

In addition, the dc-side voltage Uy, of the proposed 9A-MMC
can be derived as

Ude = (uuj + umj + ury) = NUe. (15)
The dc-side voltage of the standard 9A-MMC U 4. is
Ube = (g + thy; + i) = (BNUL) /2. (16)

Compared with the standard 9A-MMC, the dc-side voltage
of the proposed 9A-MMC can be reduced by one-third, which
is the same as that of the conventional MMC. Therefore, the
insulation issue of the new 9A-MMC can be treated the same as
the conventional MMC.
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III. OPERATION ANALYSIS OF THE PROPOSED 9A-MMC

A. Required SM Count in Middle Arm of the Proposed
9A-MMC

Although the number of SMs in the middle arm of the
proposed 9A-MMC is designed to be the same as that in the
upper and lower arms, the number of SMs in the middle arm
actually can be fewer than N in the actual operation. Because,
as long as the total SM capacitor voltages in the middle arm
are always greater than the absolute middle arm reference volt-
age, the normal operation of the proposed 9A-MMC can be
guaranteed.

The upper and lower output phase voltages can be assumed
to be

uj1(t) = Ujr sin(wt) (17)

(18)

where Uj; and Uj, are the amplitudes of the upper and lower
output phase voltages, respectively, and @ is the relative phase
angle between two output terminals. Substituting (17) and (18)
into (1)-(3), and neglecting the arm inductor voltages, the nor-
malized reference voltages of the upper, middle, and lower arms
in the proposed 9A-MMC can be calculated as:

Ujg(t) = Ujg sin(wt + 9)

UU;j (t) = [1 — M1 sin(wt)} /2 (19)
umj(t) = [My sin(wt) — My sin(wt + 0)] /2 (20)
uri(t) = [1 4+ My sin(wt + 0)] /2 (21)

where M, = (2U;1)/(NU.) and My = (2Uj2)/(NU.) denote
the modulation ratios of the upper and lower output terminals,
respectively.

Therefore, the number of required SMs in the middle arm can

be expressed as:
M, M > (M ?
K = ceil N\/{21 - 72 COS(H)} + {;sin(e)}
(22)

where ceil is the top integral function.

To clearly illustrate the range of K, the 3-D curves of the
maximum My, Ms, and K under different 6 are presented in
Fig. 4. It can be seen that the maximum value of K is equal to
N when M; = M> = 1 and @ is set as 180°. In other operation
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conditions, the value of K is fewer than N. Therefore, the (V-
K) SMs in the middle arms of the proposed 9A-MMC can be
bypassed to reduce the power losses during operation.

B. Analysis of Middle Arm Current in the Proposed 9A-MMC

Due to the unique topology of UC-FBSM, the middle arm
current should be always positive under the normal operation as
addressed in Section II-A. According to (5), the middle arm cur-
rent is significantly related to the distribution coefficients (1, ).
To obtain the middle arm current at certain operation states, the
distribution coefficients (A, p) should be first determined.

The upper and lower output currents of the proposed 9A-
MMC can be assumed to be

(23)
(24)

ij1(t) = Ljrsin(wt — ¢1)

Z'jg (t) = 1j2 sin(wt + 60— QDQ)
where I;; and Ij; are the amplitudes of upper and lower output
currents, respectively, and (1 and 5 are the power factor angles
of the upper and lower output terminals, respectively.

Substituting (23) and (24) into (4)—(6), and assuming the cir-
culating currents to be suppressed effectively, three arm currents
can be expressed as

iuj(t) = lac/3 + A1 sin(wt — 1)

+ (1 — p) o sin(wt + 6 — 2) (25)
imi(t) = Iae/3 — (1 — A) L1 sin(wt — 1)

+ (1 — p) Lo sin(wt + 6 — ) (26)
irj(t) = Lac/3 — (1 — )1 sin(wt — ¢1)

— uljosin(wt + 6 — ¢2). 27)

The average absorbed power of each arm can be calculated
by multiplying the corresponding arm voltage with arm current,
which can be expressed as

Pu;j
_ L /T CNUL = w) x a4 201 + (1= p)isaldt
T /), 20 ¢ 3rfe !
_ NUclae  MjuUjicos(er) (1 — p)IjpUjicos(0 — o)
6 2 2

(28)

Pwj
17 1 _ .
= T o (Ujl — u]'Q) X [g[dc — (1 — )\)Zj1 + (1 — M)ng}dt
(1-

(=M LnUjicos(p1) (1 —p)IjpUjacos(g2)
2 2
(1= p)IjaUjicos(0 — 2) | (1= A)I;1Ujacos(0 + 1)
+ 5 +

(29)
PL;j

IR 1 , :
= T ; (iNUC + sz) X [gjdc — (1 — )\)Zjl — /J,ng]dt

_ NU_.14. B (1 — K)IlejQCOS(Q-‘rﬁPﬂ B /LIjQUjQCOS((pQ)
6 2 2 '

(30)
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Moreover, the dc-side current of the proposed 9A-MMC can
be written as:
3L Ujicos(p1) + IjaUjacos(p2)]

2NU,

The transferred active power between dc-side and ac-side is
equal under the steady states. This means that there is no active
power absorbed by three arms. Hence, py;j, puj, and pr; should
be equivalent to O when the converter works under a steady state.
The distribution coefficients (A, 1) can be solved by (28)—(30),
and the middle arm current at the certain operation conditions
can be calculated after obtaining (X, p).

To intuitively reveal the middle arm current in the new 9A-
MMC, the middle arm current shown in (26) is rewritten as

ingj(t) = Tae/3+V/ A% + B2sin(wt + ) (32)

where A, B, and « can be expressed as
A= —(1—=2a)Ij1cos(pr1) + (1 — p)ljzcos(0 —2) (33)
B = (1—A)Ijisin(p1) + (1 — p) o sin(0 — ¢2) (34)
a = arctan(B/A). (35)

As shown in (32), the middle arm current can be divided into
three scenarios according to the amplitude of ac component in
the middle arm current, and the analysis of each scenario can be
conducted as follows:

1) VA% + B2 = 0: If the amplitude of the ac component in
middle arm current is equal to O (i.e., there is no ac component
in the middle arm current), the middle arm current will only
consist of the dc component. The upper output current i;; will
only follow through the upper arm, the lower output current i;,
will only follow through the lower arm. It can be seen that if the
amplitude of the ac component in the middle arm current wants
to be equal to 0, both A and y should be equal to 1. Therefore,
when both A and p are equal to 1, there is only a dc component in
the middle arm current, and no extra middle arm current control
is required.

2) A2+ B? < I4./3: According to (32), even if there
are ac components in the middle arm current, the middle arm
current will still be positive as long as the amplitude of the
ac component is equal or smaller than the dc component. The
amplitudes of the dc and ac component in middle arm current
can be calculated by (31) and (33)—(34), respectively. Then, the
operation range that the amplitude of the ac component in the
middle arm current is equal or smaller than the dc component
can be easily obtained. Fig. 5(a) displays the amplitude change
of the ac and dc components in the middle arm current when
both M; and M5 vary from 0.0 to 1.0, 6 is set as 60°, where
the design parameters of the proposed 9A-MMC are listed in
Table I. The operation ranges that the middle arm current is
positive and bidirectional are shown in Fig. 5(b). Being similar
to the first scenario, there is no need to design any extra middle
arm current control.

3) VA2 + B? > I4./3: If the amplitude of the ac compo-
nent in the middle arm current is larger than the dc component,
the middle arm current will be bidirectional, which is not allowed
under the normal operation of the proposed 9A-MMC. The
operation range that the middle arm current is bidirectional

Idc =

€2y
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Fig. 5. (a) Amplitude variation of the dc and ac components in the middle
arm current, and (b) the operation range that the middle arm is positive or
bidirectional.

TABLE 1
COMPARISONS BETWEEN STANDARD AND NEW 9A-MMC

Standard New
9A-MMC 9A-MMC
DC voltage Use 2U4./3
6N HBSMs
Number of SMs 9N HBSMs 43N UC-FBSMs
SM capacitor voltage Uqs/(3N) Uq/(3N)
Number of SM capacitors 9N IN
Number of IGBTs 18N 18N
Number of Diodes 18N 24N
DC offset in CMV Yes No

when both M7 and M, vary from 0.0 to 1.0 and @ is set as
60° is also presented in Fig. 5. To enlarge the operation range
of the proposed 9A-MMC, the middle arm current should be
intentionally regulated to keep positive.

According to (33) and (34), the amplitude of the ac component
in the middle arm current at certain operation conditions depends
on the distribution coefficients A and . Therefore, the amplitude
of the ac component can be regulated by adjusting A and p. In
principle, the middle arm current can be controlled by flexibly
regulating the SM capacitor voltages of upper and lower arms.
In conventional MMC, the SM capacitor voltages of the upper
and lower arms are generally controlled to be identical. But
being different, the SM capacitor voltages of the upper and lower
arms of the proposed 9A-MMC will be unequal. The maximum
operation range of the proposed 9A-MMC with and without
middle arm current reshaping are shown in Fig. 6. It can be seen
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Fig.6. Initial operation range without the middle arm current reshaping control
and the optimized operation range with the middle arm current reshaping control
of the proposed 9A-MMC.

Input initial data:
U1, Tjts Uiz I Loy N

Solve the equations:

[Pm. =0 (28)

Pra=0 (29)
PLa=0 (30)

Substituting 4 and Calculating Uy, U3
M into (33) and (34) by (38)
v

Calculating the range of Uy, U
with the condition that

V(AA21B2) < Iy 3

INUci}min =205
and

{INUes}min=2U}

et} min=QUp YN
{Us}min=QUp)/ N

[ Selecting the suitable U and U ]

End

Fig. 7. Middle arm current reshaping control method.

that the operation range of the proposed 9A-MMC is expanded
by shaping the middle arm current.

To clearly show the benefits of the new 9A-MMC, the com-
parisons with the standard 9A-MMC are summarized in Table I.

IV. CONTROL SCHEME OF THE PROPOSED 9A-MMC

Fig. 7 shows the procedures of the proposed middle arm
current reshaping control method. Under certain operation
conditions, the equations about A and g taking (U, Ucs)
as variables can be obtained by solving the (28)—(30), when

[cos(8 + 1) cos(8 — 2) — cos(p1) cos(ip2)] # 0
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Equations (36) and (37), shown at the bottom of the next
page, are usually preprocessed by input initial data. Then, the
processed (36) and (37) are substituted into (33) and (34), and
thus, the equations about A and B taking (U.1, U.3) as variables
can be deduced. Finally, the range of (U1, U.3) can be obtained
by solving the inequalityy/ A% + B2 < I4./3. The inequality
can be finally expressed as anl + bUq1 + ¢ <0, where (a, b,
¢) are the simple numbers, which are related to the input data. It
is noted that the coefficient a is positive due to square operation.
The final inequality can be solved by the simple calculation
program, and the flowchart of the calculation program is shown
in Fig. 8. Moreover, the selection of (U1, U.3) should consider
the following criteria. The first is to avoid the over-modulation,
the summed SM capacitor voltages of the upper and lower arms
should be larger than the double amplitude of the upper and
lower output phase voltage, respectively. The second is that
under the premise of the normal operation, the SM capacitor
voltage should be as small as possible to reduce the voltage
stress of semiconductors.

When [cos(0 + 1) cos(8 — p2) — cos(p1) cos(p2)] = 0, A
and 4 in (36) and (37) are no longer suitable. Instead, A = 4 =1
can be obtained by solving (28)—(30) under the above condition.
Besides, (U1, U.3) should be regulated by

NUcilac _ Ij1Ujicos(p1)
6 2
NUgslae  Ij2Ujacos(p2)
fr— . 38
. 5 (38)

The complete control scheme of the proposed 9A-MMC
is illustrated in Fig. 9, which is mainly composed of the ac
voltage control, capacitor voltage balancing control (CVBC),
and circulating current suppression control (CCSC).

Among various modulation methods, phase-shifted carrier-
based PWM (PSC-PWM) is adopted to generate switching sig-
nals for each SM. Under the PSC-PWM, each SM is controlled
independently, and there are in total N, K, N triangular carriers
with phase shifted by 27/N, ©/K, 2n/N for the upper, middle
and lower arms, respectively. Then, the comparisons between
SM modulation references and triangular carriers produce the
corresponding SM switching signals. The CVBC is usually
separated into the average voltage control and the balancing
voltage control, whose detailed description can be found in [26],
and the block diagrams are shown in Fig. 10(a). The CCSC
is implemented by several parallel quasi-PR controllers, where
the circulating currents whose frequency below fifth order are
considered. The detailed block diagram of CCSC in this article
is shown in Fig. 10(b), and the transfer function of the quasi-PR
controller is expressed as

2K, w.s

§2 4 2wes + (nwo)?

Gqrr.n(s) = Kp + (39)
where K, and K, are the proportional coefficient and gain of
the corresponding order resonance, respectively; w,. is used to
increase the bandwidth around the resonant frequency; and wg
is the fundamental frequency. The detailed design processes of
PI and PR controller parameters are shown in Appendix A and
B, respectively.
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Fig. 9. Complete control scheme of the proposed 9A-MMC.

The compensation signals generated by CVBC and CCSC
are added into the fundament modulation signals generated by
the ac voltage control, whose detailed block diagram is shown
in Fig. 10(c). It is noted that the control scheme is designed
for powering two sets of loads, so the ac voltage regulation is
applied to generate the fundament modulation signals. However,
if the new 9A-MMC is connected into grid, the ac current
controller will be used to generate the fundament modulation
signals. Finally, the synthetic modulation signals are sent into
the modulation stage. The final modulation reference signals for
the ith SM in the upper, middle, and lower arms can be expressed
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up | abe dg U ref

abe

Fig. 10. Block diagrams of: (a) the capacitor voltage balancing control;
(b) the circulating current suppression control; (¢) the ac voltage control.

as
usmi_uj = [1 — My sin(wt)]/2 + Aucj + Auci_uj — Alcom
(40)
USMi_Mj = évlg;]t M, sin(wt) — ;\;][;i Ms sin(wt + 0)
+ Augi + Augi_mj 41)
usmitj = [1 + Mosin(wt + 6)]/2 + Augj + Aue 1
— Acom;. (42)

V. SIMULATION RESULTS

To verify the performance of the proposed 9A-MMC, the cor-
responding circuit is built in MATLAB/Simulink to power two
sets of three-phase loads. The dc-side of 9A-MMC is connected
to an ideal dc source. The corresponding design parameters are
listed in Table II. The simulation results under three scenarios
discussed in Section III are sequentially displayed.

A

_ —NI4c[Ues cos(0 — @2)Uj1 + Uci cos(p2)Uja] + 3U;j1Ujz cos(0 — @a)[cos(0 + ¢1)I;1 + cos(p2) ;2]

(36)

3[COS(9 + 991) COS(Q — (,02) — COS((pl) COS((pQ)]IlelejQ
_ =Nlac[Ues cos(p1)Ujr + Uer cos(6 + 01)Uja| + 3U;j1Uja c0s(0 + 1) [cos(p1) L1 + cos(6 — ©2) o]
3[cos(0 + 1) cos(0 — p2) — cos(p1) cos(p2)];2U;1Uj2

1 (37)
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TABLE II
THE DESIGN PARAMETERS OF PROPOSED 9A-MMC

Parameters Values
Initial SM capacitor voltage U, 1kV
SM capacitor Cyy 2mF
Fundamental frequency fo 50Hz
Carrier frequency f; SkHz
Arm inductor Loy, SmH
Output filter inductor L SmH
Loads resistance R 30Q
DC-side voltage Uy, 4kV
SM number N 4
& N N\
: NN
E "/‘
\‘/u
=] 25 r 3 U Wy o ]
1.0 1.02 L0 e 106 1.08 11
@
80

40

Output Current (A)
)

-80

10 102 L0 e 06 1
Fig. 11.  (a) Output voltages of upper and lower terminals. (b) Output currents
of the upper and lower terminals.
80 F
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=80 ]
E
E2f 3 .
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<80F E
20 F
a0 P i LowerArm |
1.0 1.04 1.08 112 1.16 12
Time (s)
Fig. 12.  Upper, middle, and lower arm currents in phase A.

Case 1: A% A2 + 32 = 0, U = 1.6kV (M1 = 08), Ujp = 1.6kV
(M5 = 0.8), 6 = 30°

The first scenario is that both M7 and M, are set as 0.8 and
0 is set as 30°. Under this scenario, A and p are equal to 1, and
there is only the dc component in the middle arm current.

The upper and lower output voltages (i1, Up1, Ue1 and Ugo,
Upo, Ueo) and currents (ig1, ip1, [e1 and i,9, ip2, i0) are shown
in Fig. 11(a) and (b), respectively. It is clear that the upper
and lower output voltages and currents are standard sinusoidal
waveforms. The upper, middle, and lower arm currents (i, iz,
and iy) are presented in Fig. 12, the middle arm current is only
composed of the dc component, and the upper output current
only flows through the upper arm, the lower output current only
flows through the lower arm. This is consistent with the analyses
in Section III. Fig. 13 displays the SM capacitor voltages in the
upper, middle, and lower arms (. v, #c_wm,and u._1,), and all the
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Fig. 13.  SM capacitor voltages in the upper, middle, and lower arm.
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Fig. 14.  Upper, middle, and lower arm voltage levels with N = 4, K = 1.
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Fig. 15. (a) Output voltages of the upper and lower terminal. (b) Output
currents of the upper and lower terminal.

SM capacitor voltages are balanced at 1.0 kV as expected. Fig. 14
presents the upper, middle, and lower arm switching voltages
(Uarm_Us Uarm_M> and U,y 1,). It can be seen that because the
upper and lower arms are formed by the HBSMs and the middle
arms are formed by the UC-FBSMs, the upper and lower arm
voltages shown in Fig. 14 are always positive, while the middle
arm voltages are bidirectional. Moreover, only one UC-FBSM
is required in the middle arm under the first scenario.

Case 2: vV A2 + 32 § Idc/?’s U1 = 1.6kV (M1 = 08), U =
1.2kV (Ms = 0.6), 8 = 50°

The second scenario is that My and My are 0.8 and 0.6, 0
is 50°. The amplitude of the ac component in the middle arm
current is smaller than the dc component under this scenario,
and the middle arm current is still positive.

Fig. 15(a) records (uq1, Up1, te1) and (ugo, Up2, Uez), While
Fig. 15(b) shows (ig1, ip1, ic1) and (ig2, ip2, ic2). It is shown



QIN et al.: CONFIGURATION AND OPERATION OF 9A-MMC WITH IMPROVED HYBRID SUBMODULES

80 ]
i VA ]
Z-40F L Upper Arm -
EVF ]
S0E N AN N N N N N N N
;_40 o i Middle Arm ]
Z80f ]
-40 i LowerArm -
1.0 1.04 108 _. 112 1.16 1.2
Time (s)
Fig. 16.  Upper, middle, and lower arm currents in phase A.
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Fig. 17. SM capacitor voltages in the upper, middle, and lower arm.
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Fig. 18.  Upper, middle, and lower arm voltage levels with N =4 and K = 2.

that the proposed 9A-MMC can also output satisfied waveforms
under this scenario. iy, iy, and iy are presented in Fig. 16,
where i)y is always positive. u._ v, Uc_m, and u._g, are shown in
Fig. 17. All the SM capacitor voltages can be balanced around
the SM capacitor voltage reference 1.0k V. uarm U, Uarm . and
Uyrm_1, are presented in Fig. 18, it is shown that two UC-FBSMs
are required in the middle arm under this scenario.

Case 3: \/A2 + B2 > Idc/3, Ujl = 1.6kV (M; = 0.8), Ujo =
1.2kV (M5 = 0.6), 6 = 80°

The third scenario is that M, and M5 are still set as 0.8 and
0.6, but 4 is enlarged to 80°. Under this scenario, the amplitude
of the ac component in the middle arm current is larger than the
dc component, and the middle arm current is bidirectional. The
proposed 9A-MMC cannot directly operate under this scenario.
Therefore, the middle arm current reshaping control method
is employed to ensure the middle arm current to be positive.
According to the proposed middle arm reshaping control method
shown in Fig. 7, the SM capacitor voltages of the upper and
lower arms under this scenario are adjusted to be 1.05 and 0.95
kV, respectively.

(Ug1sup1,Ucr)and (uq2, Upe, Ue2) are shown in Fig. 19(a), and
(iq1» ip15 ic1) and (ig2, ip2, ic2) are shown in Fig. 19(b). Fig. 20
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Fig. 19. (a) Output voltages of the upper and lower terminal. (b) Output
currents of the upper and lower terminal.
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Fig. 22.  Upper, middle, and lower arm voltage levels with N = 4 and K = 2.

presents i, ipg, and iz, and ij; can be always positive with the
proposed middle arm current reshaping control method. u. vy,
uc . and u._ g, are presented in Fig. 21. It can be seen that u. v
and u._ 1, are balanced around 1.05 and 0.95 kV, respectively,
uc M is balanced around 1.0k V. Fig. 22 shows Uaym U, Uarm M,
and Uy, 1.- It is revealed that the proposed middle arm current



6398

Fig. 23.  Photograph of the proposed three-phase 9A-MMC prototype.

TABLE III
EXPERIMENTAL PARAMETERS OF PROPOSED 9A-MMC

Parameters Values
Initial SM capacitor voltage 50V
. Upper and lower arm 2mF
SM capacitor Middle arm 1.04mF
Fundamental frequency 50Hz
Carrier frequency 5kHz
Arm inductor 2mH
Output filter inductor SmH
Loads resistance 30Q
DC-side voltage 200V
SM number 4

<> FPGA,; <« External ADC
DSP
Center C'ontroller
<> FPGA,

Fig. 24.  Structure of the control system.

reshaping control method can guarantee the middle arm current
to be always positive.

VI. EXPERIMENTAL RESULTS

As shown in Fig. 23, a scale-down three-phase prototype has
been built to further validate the performance of the proposed
9A-MMC. The experimental parameters are listed in Table III.
The whole control scheme is implemented in a controller con-
sisting of a TMS320F28335 digital signal processor (DSP) plus
two XC3S500E-4PQG208C field programmable gate arrays
(FPGAs). The DSP is used to read the external analog-to-digital
converter (ADC) results and perform most of the calculation.
Finally, it will provide the modulation reference for each SM.
Meanwhile, one FPGA is used to control the external ADC
to obtain the arm currents, SM capacitor voltages, and output
voltages and currents, and the other FPGA is used to carry out
the modulation and send switching signals to each SM. The
detailed structure of the control system is shown in Fig. 24.

The experimental results under the first scenario are shown
in Fig. 25, where both M; and M- are set as 0.7 and 6 is 80°.
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Fig. 25. Experimental results of (a) upper and lower output voltages and
currents in phase A, (b) three arm currents, (c) SM capacitor voltages in three
arms, and (d) three arm voltage levels under the first scenario.

In specific, the upper and lower output voltages and currents
in phase A (Uq1, Ua2, and i,1, i42) are shown in Fig. 25(a).
The upper, middle, and lower arm currents (i, i, and i) are
displayed in Fig. 25(b), it can be seen that the middle arm current
only consists of the dc component. Fig. 25(c) presents the SM
capacitor voltages in the upper, middle, and lower arms (u. v,
ue M, and u 1), all the SM capacitor voltages can be balanced
around the SM capacitor voltage reference. Fig. 25(d) shows the
upper, middle, and lower arm voltage levels (4aym U, Uarm M.
and uarm_L)~

Fig. 26 presents (i 41, g2, and ig1, ig2), (v, ip, and i), (Ue_ U,
ue M, and u¢ 1), and (Uarm_Us Uarm_M, and Uy, 1) under the
second scenario, where M7 and M are set as 0.8 and 0.7 and 6 is
60°. Under this scenario, the middle arm current contains the ac
component except for the dc component, but the amplitude of the
ac component is smaller than the dc component, the middle arm
current is still positive. There is no need to adopt the proposed
middle arm current reshaping control method.

The experimental results under the third scenario are shown
in Fig. 27(a)—(d), where My and M5 are 0.8 and 0.6 and @ is 70°.
The middle arm current reshaping control method is adopted to
ensure the middle arm current to be always positive. According
to Fig. 7, the SM capacitor voltages of upper and lower arms are
adjusted to 52 and 48 V, respectively. As shown in Fig. 27(b), the
middle arm current becomes to be positive. It can be seen from
Fig. 27(c) that the SM capacitor voltages in the upper and lower
arms are balanced around 52 and 48 V, the SM capacitor voltage
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Fig. 29. Experimental results of (a) upper and lower output voltages and
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Fig.30. Common mode voltage in the upper and lower output terminals under
three different operation conditions.
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respectively. Besides, the CMVs in the upper and lower output
terminals under three different operation conditions are shown
in Fig. 30 (a)—(c), respectively. It can be seen that there is no dc
offset in the CMVs of the new 9A-MMC.

VII. CONCLUSION

In this article, a new 9A-MMC with the improved hybrid
submodules has been proposed, where the upper and lower arms
are formed by the half-bridge submodules (HBSMs), the middle
arms are formed by the unidirectional current full-bridge sub-
modules (UC-FBSMs). The complete operation analysis of the
proposed 9A-MMC including the actually required submodules
count in the middle arm and the three scenarios of the middle
arm current have been discussed in detail. Because the new
9A-MMC cannot directly operate when the middle arm current
is bidirectional. This article, therefore, proposes a middle arm
current reshaping control method, which can shift the bidirec-
tional middle arm current to be always positive. Compared with
the standard 9A-MMC, the dc-side voltage of the new 9A-MMC
can be reduced by 1/3, and the switch count of the new 9A-MMC
is the same as that of the standard 9A-MMC. Moreover, the
dc offset of CMV is fully eliminated. Finally, simulation and
experimental results verified the performance of the proposed
9A-MMC and the effectiveness of the developed middle arm
current reshaping control method.

APPENDIX A

The control diagram of the d-axis control of the upper output
terminal is shown in Fig. 31 (a), where G.1(s) represents the
transfer function of the PI; controller in which k,; and 74
are the tuned parameters. Gpw(s) is the transfer function of
the modulator in which Kpywy\ is the equivalent gain and 7y is
the time constant of PWM module. H(s) denotes the transfer
function of the sampling and digital processing in which T4
is the time delay caused by them. L., and R, are, respectively,
the equivalent inductance and resistance of the ac-side. The open
loop transfer function of the PI; control process can be expressed
as follows:

Gopl(s) = NUCGCI (S)GPWM (S)Gcircuitl(s)H(S)
— NU.. kpl(TﬂS-i- 1) . KPVVM . 1
¢ TilS Tes+1 LeqS + Req
1
. A-1
Tys+1 ( )

Since Ts and T, are both small enough, the second and the
last terms can be merged as follows, where 7;,, = Ts + T}:
Kpwm _ Kpwm 1
Tns+1 Tes+1 Tys+1
Considering the fast response of the ac voltage control, its
parameters can be tuned according to the parameters tuning prin-
ciple of the typical Type I system. If choosing 7,1 = Leq/Reqs
the open loop transfer function of (A-1) can be adjusted as
follows:

(A-2)

Ky
Gopl( ) $(Tps+1)
Ky — NU_:kp1 Kpwwm
1= ReqT11

(A-3)
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Fig. 31.  Control diagram of (a) the ac voltage control, (b) the inner current
control in the average voltage control, (c) the outer voltage control in the
averaging voltage control, and (d) the balancing capacitor voltage control.

The close loop transfer function of (A-3) can be derived as

follows:

K
Gop1(s)  _ T,

14 G0p1 (S)

According to the parameters tuning principle of the typical
Type I system, the damping ratio £ is chosen as 0.707

B 1
&= 9. [NUckp1 KpwTr
ReqTit

Therefore, the parameters of the PI; controller in the AC

voltage control can be expressed as follows:

ko1 =

Ge(s) (A-4)

. 1. K
s“+ 1.5+,

= 0.707

(A-5)

RegTit
2NU Ty Kpwnm
eq
eq

(A-6)

Til = &

The control diagram of the inner current control loop in the

average voltage control is shown in Fig. 31(b). The PI, controller

are also tuned according to parameters tuning principle of the

typical Type I system, and the design process is similar to that

of the PI; controller. The parameters (ky,2, Ti2) can be expressed
as follows:

k — _ Ramip
P2 = 3NU.T, Kpwn (A-7)

a

Ti2 = R,

where L, and R, are, respectively, the equivalent inductance and
resistance of the arm.
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TABLE IV
PARAMETERS OF CONTROLLERS

Parameters Value
kpla Ti1 00125, 0.05
ko, T2 0.008, 0.05
k3, i3 180, 0.2
kp4a Ti4 15, 0.2
K,, (¢ 0.00278, 5
Ko, K3, Krs 0.23,0.32,0.452

Because the cut-off frequency of the outer voltage control
loop in the average voltage control is much smaller than that
of the inner current control loop, the inner current control loop
can be regarded as the unit 1 when the parameters of the outer
voltage control loop are designed. The control diagram of the
outer voltage control loop is shown in Fig. 31(c), where G(s)
denotes the transfer function of the low pass filter in which
Ty is the time delay caused by the filter. Considering the anti-
interference ability of the capacitor voltage control, the param-
eters of PI3 controller can be tuned according to the parameters
tuning principle of the typical Type II system. The open loop
transfer function of the outer voltage control is expressed as
follows:

1
Gops (s)

B WdCGC:S(S)Gf(S)Gcircuits (s)H(s)
__ kps (Tizs + 1) 1
= a0 Py 41 T i1

Because Tgs<<1, the open loop transfer function of (A-8)
can be simplified as follows:

Ko(Tizs+1
{Gm(s) CEeey

(A-8)

kp (A-9)
Ky = 3Udc7itsc'
Based on the design rules of typical Type II system, the

parameters (K2, 7,3) can be obtained as follows:

Ko — h+1
27 Rty (A-10)
Ti3 — hTf

where A is selected as 5, and Ty = 40 ms. Then, k,3 can be
obtained.

The control diagram of the balancing voltage control is shown
in Fig. 31(d), the parameters of PI, controller are also tuned
according to the design rules of typical Type II system. The
simplified open loop transfer function is expressed as follows:

Ks(tias+1
Gopa(s) = SHFT

— kp4
K= UeTiaC”

Finally, the parameters (K3, 7;1) of PI; controller can be
obtained as follows:

(A-11)

Ko = h+1
ST Ty (A-12)
Tia = hTf .

The specific parameters of the PI controllers in Fig. 10 are
summarized in Table IV.
APPENDIX B

Fig. 32(a) shows the control diagram of the second-order cir-
culating current suppression control, and the open loop transfer
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Fig. 32.  (a) Control diagram of the second-order circulating current suppres-

sion control, (b) the root locus of (B-2), and (c) the root locus of (B-3).

function of the PR_2 control process is expressed as follows:
Gops(s) = NU.Gpr_2(s)Gpwm(8)Geircuitz (s)H (s)

MUTARrnt (52 + 2we(1+ f2)s + 4u)
1

(52 + 2wes + dwg) (s + 7-) (s + Ig—g)
(B-1)

To determine the proportional gain of the controller, the open
loop transfer function can be redefined for K,» = 0, leading to

. NU.Kpwwm
Kp T Lo

(s+ 7 )(s+£2)
According to (B-2) and the circuit parameters shown in
Table II, the root locus of (B-2) can be shown in Fig. 32(b).
If the damping factor is about 0.707, K,, = 0.00278.
The equation of root locus of (B-1) can be expressed as
follows:

G*0P5(5) =

Gops(s) = (B-2)

QKFQNUCKPWMWCS
[TmL0$4 + (TmRO + L() + 2TmL0wc)33
+(NUcKpKPWM + RO + 4TmL0w3
+2(TmRo + Lo)wc)82 + (4(TmR0 + Lo)wg
+2(NUCKPKPWM + Ro)we)s
+4(NUCKPKPWM + Ro)wg]

=1

(B-3)
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Besides, w. = 2w Af, if the error of frequency is 0.5Hz, w, =
. Then, substituting K, = 0.00278 into (B-3), the root locus of
(B-3) can be shown in Fig. 32(c). If the damping factor is selected
as 0.707, Ko = 0.23. The parameters of the PR controllers
for the third- and fourth-order circulating current suppression
can also be tuned according to the above deduction, and the
corresponding parameters are summarized in Table I'V.

REFERENCES

[1] R. Marquardt and A. Lesnicar, “A new modular voltage source inverter
topology,” in Proc. Eur. Power Electron. Conf., 2003, pp. 1-10.

[2] A. Lesnicar and R. Marquardt, “An innovative modular multilevel con-
verter topology suitable for a wide power range,” in Proc. IEEE Power
Tech. Conf., 2003, vol. 3, pp. 1-6.

[3] M. Saeedifard 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.

[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.

[5S] M. Guan and Z. Xu, “Modeling and control of a modular multilevel
converter-based HVDC system under unbalanced grid conditions,” IEEE
Trans. Power Electron., vol. 27, no. 12, pp. 4858-4867, Dec. 2012.

[6] X.Liu,J.Lv, C. Gao, Z. Chen, and S. Chen, “A novel STATCOM based
on diode-clamped modular multilevel converters,” IEEE Trans. Power
Electron., vol. 32, no. 8, pp. 5964-5977, Aug. 2017.

[7] H. P. Mohammadi and M. T. H. Bina, “A transformerless medium-
voltage STATCOM topology based on extended modular multilevel con-
verters,” IEEE Trans. Power Electron., vol. 26, no. 5, pp. 1534-1545,
May 2011.

[8] Q. Hao, J. Man, F. Gao, and M. Guan, “Voltage limit control of modular
multilevel converter based unified power flow controller under unbalanced
grid conditions,” IEEE Trans. Power Del., vol. 33, no. 3, pp. 1319-1327,
Jun. 2018.

[9] B. Tai, C. Gao, X. Liu, and Z. Chen, “A novel flexible capacitor volt-
age control strategy for variable-speed drives with modular multilevel
converters,” IEEE Trans. Power Electron., vol. 32, no. 1, pp. 128-141,
Jan. 2017.

[10] B. Li, S. Zhou, D. Xu, S. J. Finney, and B. W. Williams, “A hybrid
modular multilevel converter for medium-voltage variable-speed motor
drives,” IEEE Trans. Power Electron., vol. 32, no. 6, pp.4619—4630,
Jun. 2017.

[11] 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,
Mar. 2014.

[12] A. Dekka, B. Wu, R. L. Fuentes, M. Perez, and N. R. Zargari, “Evolution
of topologies, modeling, control schemes, and applications of modular
multilevel converters,” IEEE J. Emerg. Sel. Top. Power Electron., vol. 5,
no. 4, pp. 1631-1656, Dec. 2017.

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

[14] Y. S. Kumar and G. Poddar, “Control of medium-voltage AC motor drive
for wide speed range using modular multilevel converter,” IEEE Trans.
Ind. Electron., vol. 64, no. 4, pp. 2742-2749, Apr. 2017.

[15] A. A. Elserougi, A. S. Abdel-Khalik, A. M. Massoud, and S. Ahmed, “A
nine-arm modular multilevel converter (9A-MMC) for six-phase medium
voltage motor drives,” in Proc. IEEE-IECON, 2015, pp. 1735-1740.

[16] A. A.Elserougi, A. S. Abdel-Khalik, A. M. Massoud, and S. Ahmed, “An
asymmetrical six-phase induction motor drive based on nine-arm modular
multilevel converter (YAMMC) with circulating current suppression,” in
Proc. IEEE-EPECS, 2015, pp. 1-6.

[17] M. S. Diab, G. P. Adam, B. W. Williams, A. M. Massoud, and S. Ahmed,
“Quasi two-level PWM operation of a nine-arm modular multilevel con-
verter for six-phase medium-voltage motor drives,” in Proc. IEEE-APEC,
2018, pp. 1641-1648.

[18] F.Qin, F. Gao, T. Xu, D. Niu, and Z. Ma, “A unified power flow controller
with nine-arm modular multilevel converter,” in Proc. IEEE-ECCE, 2018,
pp. 2581-2587.



QIN et al.: CONFIGURATION AND OPERATION OF 9A-MMC WITH IMPROVED HYBRID SUBMODULES

[19] J. Fu, B. Zhang, and D. Qiu, “A novel nine-arm modular multilevel
converter,” in Proc. IEEE-IECON, 2014, pp. 4528-4533.

F. Qin, F. Gao, T. Xu, D. Niu, and Z. Ma, “A control scheme of
nine-arm modular multilevel converter,” in Proc. IEEE-ECCE, 2018,
pp. 2143-2148.

F. Qin, F. Gao, and C. Zhang, “Operational analyses and control scheme
of nine-arm modular multilevel converter,” IEEE Trans. Power Electron.,
vol. 35, no. 4, pp. 3416-3433, Apr. 2020.

D. Chen, Z. Feng, Q. Wang, L. Fang, and B. Bai, “Study of analysis and
experiment for ability to withstand DC bias in power transformers,” IEEE
Trans. Magn., vol. 54, no. 11, Nov. 2018, Art. no. 8401406.

M. S. Diab, A. A. Elserougi, A. M. Massoud, S. Ahmed, and B. W.
Williams, “A hybrid nine-arm modular multilevel converter for medium-
voltage six-phase machine drives,” IEEE Trans. Ind. Electron., vol. 66,
no. 9, pp. 6681-6691, Dec. 2019.

W. Yang, Q. Song, S. Xu, H. Rao, and W. Liu, “An MMC topology based on
unidirectional current H-Bridge submodule with active circulating current
injection,” IEEE Trans. Power Electron., vol. 33, no. 5, pp. 3870-3883,
May 2018.

S. Du, B. Wu, and N. Zargari, “Common-Mode voltage minimization
for grid-tied modular multilevel converter,” IEEE Trans. Ind. Electron.,
vol. 66, no. 10, pp. 7480-7487, Oct. 2019.

M. Hagiwara and H. Akagi, “Control and experiment of pulse width
modulated modular multilevel converters,” IEEE Trans. Power Electron.,
vol. 24, no. 7, pp. 1737-1746, Jul. 2009.

[20]

[21]

[22]

[23]

[24]

[25]

[26]

Futian Qin (Student Member, IEEE) received the
B.Eng. degree in electrical engineering from Shan-
dong Agricultural University, Tai’an, China, in 2015.
He is currently working toward the Ph.D. degree
in electrical engineering from Shandong University,
Jinan, China.

From December 2019 to June 2020, he was a
Research Assistant at Energy Research Institute @
Nanyang Technological University, Singapore. His
research interests include modular multilevel con-
verter (MMC), Nine-arm MMC, HVdc, and FACTS.

Feng Gao (Senior Member, IEEE) received the
B.Eng. and M.Eng. degrees in electrical engineering
from Shandong University, Jinan, China, in 2002
and 2005, respectively, and the Ph.D. degree from
the School of Electrical and Electronic Engineer-
ing, Nanyang Technological University, Singapore,
in 2009.

From 2008 to 2009, he was a Research Fellow
at Nanyang Technological University. Since 2010,
he has been with Shandong University, where he
is currently a Professor with the School of Control
Science and Engineering. From September 2006 to February 2007, he was a
Visiting Scholar at the Department of Energy Technology, Aalborg University,
Aalborg, Denmark.

Dr. Gao was the recipient of the IEEE Industry Applications Society Industrial
Power Converter Committee Prize for a paper published in 2006 and 2017 IEEE
Power Electronics Transactions Second Prize Paper Award. He is currently serv-
ing as the Associate Editors of IEEE TRANSACTIONS ON POWER ELECTRONICS
and CPSS Transcations on Power Electronics and Applications.

6403

Yi Tang (Senior Member, IEEE) received the B.Eng.
degree in electrical engineering from Wuhan Univer-
sity, Wuhan, China, in 2007, and the M.Sc. and Ph.D.
degrees from the School of Electrical and Electronic
Engineering, Nanyang Technological University, Sin-
gapore, in 2008 and 2011, respectively.

From 2011 to 2013, he was a Senior Application
Engineer with Infineon Technologies Asia Pacific,
Singapore. From 2013 to 2015, he was a Postdoc-
toral Research Fellow with Aalborg University, Aal-
borg, Denmark. Since March 2015, he has been with
Nanyang Technological University, Singapore, as an Assistant Professor. He
is currently the Cluster Director of the Advanced Power Electronics Research
Program at the Energy Research Institute, Nanyang Technological University.

Dr. Tang was a recipient of the Infineon Top Inventor Award in 2012, the
Early Career Teaching Excellence Award in 2017, and four IEEE Prize Paper
Awards. He currently serves as an Associate Editor for the IEEE TRANSACTIONS
ON POWER ELECTRONICS (TPEL) and the IEEE JOURNAL OF EMERGING AND
SELECTED ToOPICS IN POWER ELECTRONICS (JESTPE).

Tao Xu (Member, IEEE) received the B.Eng. and
Ph.D. degrees in electrical engineering from Shan-
dong University, Jinan, China, in 2014 and 2019,
respectively.
From 2017 to 2018, he was a Visiting Scholar at
Y the Institute of Energy Technology, Aalborg Univer-
A sity, Aalborg, Denmark. Since 2019, he joined the
School of Electrical Engineering, Shandong Univer-
sity, where he is currently a Postdoc. His research
interests include parallel inverters, power quality and
modulation methods.
Dr. Xu was the recipient of the [IEEE TRANSACTIONS ON POWER ELECTRONICS
(PELS) Second Prize Paper Award in 2017 and the IEEE PELS Prize Ph.D.
Thesis Talk in 2019.

Jinyu Wang (Member, IEEE) received the B.Eng.
degree in electrical engineering and M.Eng. degree in
power electronics from Jilin University, Changchun,
China, in 2010 and 2013, respectively, and the Ph.D.
degree in power system from Shandong University,
Jinan, China, in 2017.

From July 2017 to June 2019, he was a Postdoctoral
Research Fellow with Rolls-Royce Cooperate Lab@
Nanyang Technological University, Singapore, where
he is currently a Research Fellow with the Energy
Research Institute. His current research interests in-
clude power electronics, multilevel converters, renewable energy generation,
and integration techniques as well as stability analysis and control of modular
multilevel converter based HVdc.

Decun Niu (Student Member, IEEE) received the
B.Eng. degree in electrical engineering from Uni-
versity of Jinan, Jinan, China, in 2011, and the
M.Eng. degree in electrical engineering in 2014 from
Shandong University, Jinan, China, where he is cur-
rently working toward the Ph.D. degree in electrical
engineering.

From 2014 to 2018, he was an Electrical Designer
in Shandong Engineering Consulting Institute Com-
pany Limited, Jinan, China. His research interests
include multilevel converters, modulation methods,
and FACTS.





<<
  /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 true
  /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 false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 900
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.00111
  /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 false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 1200
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.00083
  /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 false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.00063
  /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


