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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-MMC 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

S INCE modular multilevel converter (MMC) was first pro-
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 (FACTs) [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
operation range 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. Lu and
Ll are the arm inductors in the upper and lower arms, respec-
tively. Generally, Lu = Ll. 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 (S1, S4) are replaced by
two diodes (D1, D4). 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 (S2, 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 D2 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

Fig. 1. Topology of the proposed nine-arm modular multilevel converter (9A-
MMC).

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 c) in
the new 9A-MMC can be derived as:

uUj = (NUc)/2− ujo1 −
(
L0

diUj

dt
+R0iUj

)
(1)

uMj = ujo1 − ujo2 (2)

uLj = (NUc)/2 + ujo2 −
(
L0

diLj
dt

+R0iLj

)
(3)

iUj = Idc/3 + λij1 + (1− μ)ij2 +

+∞∑
n=2

i
(n)
zj (4)

iMj = Idc/3− (1− λ)ij1 + (1− μ)ij2 +
+∞∑
n=2

i
(n)
zj (5)

iLj = Idc/3− (1− λ)ij1 − μij2 +

+∞∑
n=2

i
(n)
zj (6)

where (uUj, uMj, uLj) and (iUj, iMj, iLj) are, respectively, the
upper, middle, and lower arm voltages and currents of phase j;
(ujo1, uj02) and (ij1, ij2) are, respectively, the converter upper and
lower output voltages and currents of phase j; N is the number of
SMs in each arm; Uc is the rated SM capacitor voltage; L0 and
R0 are, respectively, the inductance and resistance of the arm
inductor; λ and μ are, respectively, the distribution coefficients
of the upper and lower output currents among three arms; Idc is
the dc-side current, and izj(n) is the nth-order circulating current
of phase j.

Moreover, the converter upper and lower output voltages
(ujo1, uj02) can be separately decomposed into two parts, which
can be expressed as

ujo1 = uj1 + umo (7)

ujo2 = uj2 + uno (8)

where uj1 and uj2 are the upper and lower output phase voltages,
respectively, and umo and uno 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 (ujo1, uj02)
and the arm voltages (uUj, uMj, uLj) can be derived as

ujo1 = (uMj + uLj − uUj)/2 (9)

ujo2 = (uLj − uMj − uUj)/2. (10)

Finally, the CMVs of the upper and lower output terminals in
the proposed 9A-MMC can be obtained as

umo = ujo1 − uj1 = (uMj + uLj − uUj)/2− uj1

= (uMa + uLa − uUa + uMb + uLb − uUb + uMc + uLc

− uUc)/6 (11)

uno = ujo2 − uj2 = (uLj − uMj − uUj)/2− uj2

= (uLa − uMa − uUa + uLb − uMb − uUb + uLc − uMc

− uUc)/6. (12)

In comparison, according to the operation analysis of the stan-
dard 9A-MMC in [21], the CMVs (u

′
mo, u

′
no) of the standard

9A-MMC can be expressed as

u′
mo = (u′

Mj + u′
Lj − u′

Uj)/2− u′
j1

= (u′
Ma + u′

La − u′
Ua + u′

Mb + u′
Lb − u′

Ub + u′
Mc

+ u′
Lc − u′

Uc)/6− (NUc)/4 (13)

u′
no = (u′

Lj − u′
Mj − u′

Uj)/2− u′
j2

= (u′
La − u′

Ma − u′
Ua + u′

Lb − u′
Mb − u′

Ub + u′
Lc

− u′
Mc − u′

Uc)/6 + (NUc)/4. (14)

As shown in (11) and (12), there is no dc offset in the CMVs 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 Udc of the proposed 9A-MMC
can be derived as

Udc = (uUj + uMj + uLj) = NUc. (15)

The dc-side voltage of the standard 9A-MMC U
′
dc is

U ′
dc = (u′

Uj + u′
Mj + u′

Lj) = (3NUc)/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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Fig. 4. Value of K with the variation of M1 and M2 under different θ.

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) = Uj1 sin(ωt) (17)

uj2(t) = Uj2 sin(ωt+ θ) (18)

where Uj1 and Uj2 are the amplitudes of the upper and lower
output phase voltages, respectively, and θ 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:

uUj(t) = [1−M1 sin(ωt)] /2 (19)

uMj(t) = [M1 sin(ωt)−M2 sin(ωt+ θ)] /2 (20)

uLj(t) = [1 +M2 sin(ωt+ θ)] /2 (21)

where M1 = (2Uj1)/(NUc) and M2 = (2Uj2)/(NUc) 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:

K = ceil

⎡
⎣N

√{
M1

2
− M2

2
cos(θ)

}2

+

{
M2

2
sin(θ)

}2
⎤
⎦

(22)
where ceil is the top integral function.

To clearly illustrate the range of K, the 3-D curves of the
maximum M1, M2, and K under different θ are presented in
Fig. 4. It can be seen that the maximum value of K is equal to
N when M1 = M2 = 1 and θ is set as 180°. In other operation

conditions, the value of K is fewer than N. Therefore, the (N-
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 (λ, μ).
To obtain the middle arm current at certain operation states, the
distribution coefficients (λ, μ) should be first determined.

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

ij1(t) = Ij1 sin(ωt− ϕ1) (23)

ij2(t) = Ij2 sin(ωt+ θ − ϕ2) (24)

where Ij1 and Ij2 are the amplitudes of upper and lower output
currents, respectively, andϕ1 andϕ2 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) = Idc/3 + λIj1 sin(ωt− ϕ1)

+ (1− μ)Ij2 sin(ωt+ θ − ϕ2) (25)

iMj(t) = Idc/3− (1− λ)Ij1 sin(ωt− ϕ1)

+ (1− μ)Ij2 sin(ωt+ θ − ϕ2) (26)

iLj(t) = Idc/3− (1− λ)Ij1 sin(ωt− ϕ1)

− μIj2 sin(ωt+ θ − ϕ2). (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

pUj

=
1

T

∫ T

0

(
1

2
NUc − uj1)× [

1

3
Idc + λij1 + (1− μ)ij2]dt

=
NUcIdc

6
− λIj1Uj1cos(ϕ1)

2
− (1− μ)Ij2Uj1cos(θ − ϕ2)

2
(28)

pMj

=
1

T

∫ T

0

(uj1 − uj2)× [
1

3
Idc − (1− λ)ij1 + (1− μ)ij2]dt

= − (1− λ)Ij1Uj1cos(ϕ1)

2
− (1− μ)Ij2Uj2cos(ϕ2)

2

+
(1− μ)Ij2Uj1cos(θ − ϕ2)

2
+

(1− λ)Ij1Uj2cos(θ + ϕ1)

2
(29)

pLj

=
1

T

∫ T

0

(
1

2
NUc + uj2)× [

1

3
Idc − (1− λ)ij1 − μij2]dt

=
NUcIdc

6
− (1− λ)Ij1Uj2cos(θ + ϕ1)

2
− μIj2Uj2cos(ϕ2)

2
.

(30)
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Moreover, the dc-side current of the proposed 9A-MMC can
be written as:

Idc =
3[Ij1Uj1cos(ϕ1) + Ij2Uj2cos(ϕ2)]

2NUc
(31)

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, pUj, pMj, and pLj should
be equivalent to 0 when the converter works under a steady state.
The distribution coefficients (λ, μ) can be solved by (28)–(30),
and the middle arm current at the certain operation conditions
can be calculated after obtaining (λ, μ).

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

iMj(t) = Idc/3+
√
A2 +B2 sin(ωt+ α) (32)

where A, B, and α can be expressed as

A = − (1− λ)Ij1 cos(ϕ1) + (1− μ)Ij2 cos(θ − ϕ2) (33)

B = (1− λ)Ij1sin(ϕ1) + (1− μ)Ij2 sin(θ − ϕ2) (34)

α = 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)
√
A2 +B2 = 0: If the amplitude of the ac component in

middle arm current is equal to 0 (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 ij1 will
only follow through the upper arm, the lower output current ij2
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 λ and μ should be equal to 1. Therefore,
when both λ andμ 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 +B2 ≤ Idc/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 M1 and M2 vary from 0.0 to 1.0, θ 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)
√
A2 +B2 > Idc/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

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 I
COMPARISONS BETWEEN STANDARD AND NEW 9A-MMC

when both M1 and M2 vary from 0.0 to 1.0 and θ 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 λ andμ. Therefore, the amplitude
of the ac component can be regulated by adjusting λ and μ. 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.

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 λ and μ taking (Uc1, Uc3)
as variables can be obtained by solving the (28)–(30), when
[cos(θ + ϕ1) cos(θ − ϕ2)− cos(ϕ1) cos(ϕ2)] �= 0

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 (Uc1, Uc3) as variables
can be deduced. Finally, the range of (Uc1, Uc3) can be obtained
by solving the inequality

√
A2 +B2 ≤ Idc/3. The inequality

can be finally expressed as aU2
c1 + bUc1 + c ≤ 0, where (a, b,

c) 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 (Uc1, Uc3) 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(θ + ϕ1) cos(θ − ϕ2)− cos(ϕ1) cos(ϕ2)] = 0, λ

and μ in (36) and (37) are no longer suitable. Instead, λ = μ = 1
can be obtained by solving (28)–(30) under the above condition.
Besides, (Uc1, Uc3) should be regulated by

NUc1Idc
6

=
Ij1Uj1cos(ϕ1)

2

NUc3Idc
6

=
Ij2Uj2cos(ϕ2)

2
. (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 2π/N, π/K, 2π/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

GQPR_n(s) = Kp +
2Krωcs

s2 + 2ωcs+ (nω0)
2 (39)

where Kp and Kr are the proportional coefficient and gain of
the corresponding order resonance, respectively; ωc is used to
increase the bandwidth around the resonant frequency; and ω0

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. 8. Flowchart of calculation program about
√
A2 +B2 ≤ Idc/3.

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

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

as

uSMi_Uj = [1−M1 sin(ωt)]/2 + Δucj +Δuci_Uj −Δucomj

(40)

uSMi_Mj =

[
NUc1

2KUc
M1 sin(ωt)− NUc3

2KUc
M2 sin(ωt+ θ)

]

+Δucj +Δuci_Mj (41)

uSMi_Lj = [1 +M2 sin(ωt+ θ)]/2 + Δucj +Δuci_Lj

−Δucomj. (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.

λ =
−NIdc[Uc3 cos(θ − ϕ2)Uj1 + Uc1 cos(ϕ2)Uj2] + 3Uj1Uj2 cos(θ − ϕ2)[cos(θ + ϕ1)Ij1 + cos(ϕ2)Ij2]

3[cos(θ + ϕ1) cos(θ − ϕ2)− cos(ϕ1) cos(ϕ2)]Ij1Uj1Uj2
(36)

μ =
−NIdc[Uc3 cos(ϕ1)Uj1 + Uc1 cos(θ + ϕ1)Uj2] + 3Uj1Uj2 cos(θ + ϕ1)[cos(ϕ1)Ij1 + cos(θ − ϕ2)Ij2]

3[cos(θ + ϕ1) cos(θ − ϕ2)− cos(ϕ1) cos(ϕ2)]Ij2Uj1Uj2
(37)
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TABLE II
THE DESIGN PARAMETERS OF PROPOSED 9A-MMC

Fig. 11. (a) Output voltages of upper and lower terminals. (b) Output currents
of the upper and lower terminals.

Fig. 12. Upper, middle, and lower arm currents in phase A.

Case 1:
√
A2 +B2 = 0, uj1 = 1.6 kV (M1 = 0.8), uj2 = 1.6 kV

(M2 = 0.8), θ = 30°

The first scenario is that both M1 and M2 are set as 0.8 and
θ is set as 30°. Under this scenario, λ and μ are equal to 1, and
there is only the dc component in the middle arm current.

The upper and lower output voltages (ua1, ub1, uc1 and ua2,
ub2, uc2) and currents (ia1, ib1, ic1 and ia2, ib2, ic2) 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 (iU, iM,
and iL) 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 (uc_U, uc_M, and uc_L), and all the

Fig. 13. SM capacitor voltages in the upper, middle, and lower arm.

Fig. 14. Upper, middle, and lower arm voltage levels with N = 4, K = 1.

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_U, uarm_M, and uarm_L). 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:
√
A2 +B2 ≤ Idc/3, uj1 = 1.6 kV (M1 = 0.8), uj2 =

1.2 kV (M2 = 0.6), θ = 50°

The second scenario is that M1 and M2 are 0.8 and 0.6, θ
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 (ua1, ub1, uc1) and (ua2, ub2, uc2), while
Fig. 15(b) shows (ia1, ib1, ic1) and (ia2, ib2, ic2). It is shown
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Fig. 16. Upper, middle, and lower arm currents in phase A.

Fig. 17. SM capacitor voltages in the upper, middle, and lower arm.

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. iU, iM, and iL are presented in Fig. 16,
where iM is always positive. uc_U, uc_M, and uc_L are shown in
Fig. 17. All the SM capacitor voltages can be balanced around
the SM capacitor voltage reference 1.0 kV. uarm_U, uarm_M, and
uarm_L 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, uj1 = 1.6 kV (M1 = 0.8), uj2 =

1.2 kV (M2 = 0.6), θ = 80°

The third scenario is that M1 and M2 are still set as 0.8 and
0.6, but θ 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.

(ua1, ub1, uc1) and (ua2, ub2, uc2) are shown in Fig. 19(a), and
(ia1, ib1, ic1) and (ia2, ib2, ic2) are shown in Fig. 19(b). Fig. 20

Fig. 19. (a) Output voltages of the upper and lower terminal. (b) Output
currents of the upper and lower terminal.

Fig. 20. Upper, middle, and lower arm currents in phase A.

Fig. 21. SM capacitor voltages in the upper, middle, and lower arms.

Fig. 22. Upper, middle, and lower arm voltage levels with N = 4 and K = 2.

presents iU, iM, and iL, and iM can be always positive with the
proposed middle arm current reshaping control method. uc_U,
uc_M, and uc_L are presented in Fig. 21. It can be seen that uc_U

and uc_L are balanced around 1.05 and 0.95 kV, respectively,
uc_M is balanced around 1.0 kV. Fig. 22 shows uarm_U, uarm_M,
and uarm_L. It is revealed that the proposed middle arm current
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Fig. 23. Photograph of the proposed three-phase 9A-MMC prototype.

TABLE III
EXPERIMENTAL PARAMETERS OF PROPOSED 9A-MMC

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 M1 and M2 are set as 0.7 and θ is 80°.

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 (ua1, ua2, and ia1, ia2) are shown in Fig. 25(a).
The upper, middle, and lower arm currents (iU, iM, and iL) 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 (uc_U,
uc_M, and uc_L), 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 (uarm_U, uarm_M,
and uarm_L).

Fig. 26 presents (ua1, ua2, and ia1, ia2), (iU, iM, and iL), (uc_U,
uc_M, and uc_L), and (uarm_U, uarm_M, and uarm_L) under the
second scenario, where M1 and M2 are set as 0.8 and 0.7 and θ 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 M1 and M2 are 0.8 and 0.6 and θ 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. 26. 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 second scenario.

Fig. 27. 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, (d) three arm voltage levels under the third scenario.

Fig. 28. 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 when the upper load changes.

in the middle arm is balanced around the initial SM capacitor
voltage reference 50 V. As shown in Figs. 25(d), 26(d), and
27(d), two UC-FBSMs are required in the middle arm under the
above three scenarios.

To evaluate the dynamic performances of the proposed 9A-
MMC, the step change of loads or modulation indexes is im-
plemented. When changing load, both M1 and M2 are set as
0.7 and θ is set as 60°. The experimental results including (ua1,
ua2, and ia1, ia2), (iU, iM, and iL), (uc_U, uc_M, and uc_L), and
(uarm_U, uarm_M, and uarm_L) when the upper load changes
from 30 to 15Ω, but the lower load is unchanged, as shown in
Fig. 28(a)–(d). Fig. 29 shows the experimental results when M1

changes from 0.6 to 0.8, and M2 and θ are kept at 0.6 and 60°,



6400 IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 36, NO. 6, JUNE 2021

Fig. 29. 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 when M1 changes.

Fig. 30. Common mode voltage in the upper and lower output terminals under
three different operation conditions.

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 Gc1(s) represents the
transfer function of the PI1 controller in which kp1 and τ i1
are the tuned parameters. GPWM(s) is the transfer function of
the modulator in which KPWM is the equivalent gain and Ts is
the time constant of PWM module. H(s) denotes the transfer
function of the sampling and digital processing in which Td

is the time delay caused by them. Leq and Req are, respectively,
the equivalent inductance and resistance of the ac-side. The open
loop transfer function of the PI1 control process can be expressed
as follows:

Gop1(s) = NUcGc1(s)GPWM(s)Gcircuit1(s)H(s)

= NUc · kp1(τi1s+ 1)

τi1s
· KPWM

Tss+ 1
· 1

Leqs+Req

· 1

Tds+ 1
. (A-1)

Since Ts and Td are both small enough, the second and the
last terms can be merged as follows, where Tm = Ts + Td:

KPWM

Tms+ 1
=

KPWM

Tss+ 1
· 1

Tds+ 1
. (A-2)

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 τi1 = Leq/Req,
the open loop transfer function of (A-1) can be adjusted as
follows: {

Gop1(s) =
K1

s(Tms+1)

K1 =
NUckp1KPWM

Reqτi1
.

(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:

Gc1(s) =
Gop1(s)

1 +Gop1(s)
=

K1

Tm

s2 + 1
Tm

s+ K1

Tm

. (A-4)

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

ξ =
1

2
√

NUckp1KPWMTm

Reqτi1

= 0.707 (A-5)

Therefore, the parameters of the PI1 controller in the AC
voltage control can be expressed as follows:{

kp1 =
Reqτi1

2NUcTmKPWM

τi1 =
Leq

Req
.

(A-6)

The control diagram of the inner current control loop in the
average voltage control is shown in Fig. 31(b). The PI2 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 PI1 controller. The parameters (kp2, τ i2) can be expressed
as follows: {

kp2 = Raτi2
2NUcTmKPWM

τi2 = La

Ra

(A-7)

where La and Ra are, respectively, the equivalent inductance and
resistance of the arm.

TABLE IV
PARAMETERS OF CONTROLLERS

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 Gf(s)
denotes the transfer function of the low pass filter in which
Tf 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:

Gop3(s) =
1

3Udc
Gc3(s)Gf (s)Gcircuit3(s)H(s)

=
kp3

3Udcτi3C
· (τi3s+ 1)

s2(Tfs+ 1)
· 1

Tds+ 1
. (A-8)

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

Gop3(s) =
K2(τi3s+1)
s2(Tfs+1)

K2 =
kp3

3Udcτi3C
.

(A-9)

Based on the design rules of typical Type Ⅱ system, the
parameters (K2, τ i3) can be obtained as follows:{

K2 = h+1
2h2T 2

f

τi3 = hTf

(A-10)

where h is selected as 5, and Tf = 40 ms. Then, kp3 can be
obtained.

The control diagram of the balancing voltage control is shown
in Fig. 31(d), the parameters of PI4 controller are also tuned
according to the design rules of typical Type Ⅱ system. The
simplified open loop transfer function is expressed as follows:{

Gop4(s) =
K3(τi4s+1)
s2(Tfs+1)

K3 =
kp4

Ucτi4C
.

(A-11)

Finally, the parameters (K3, τ i4) of PI4 controller can be
obtained as follows: {

K3 = h+1
2h2T 2

f

τi4 = hTf .
(A-12)

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:

Gop5(s) = NUcGPR_2(s)GPWM(s)Gcircuit2(s)H(s)

=

NUcKpKPWM

TmL0
· (s2 + 2ωc(1 +

Kr2

Kp
)s+ 4ω2

0)

(s2 + 2ωcs+ 4ω2
0)(s+

1
Tm

)(s+ R0

L0
)

.

(B-1)

To determine the proportional gain of the controller, the open
loop transfer function can be redefined for Kr2 = 0, leading to

Gop5(s) =
Kp · NUcKPWM

TmL0

(s+ 1
Tm

)(s+ R0

L0
)
. (B-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, Kp = 0.00278.

The equation of root locus of (B-1) can be expressed as
follows:

G∗
op5(s) =

2Kr2NUcKPWMωcs

[TmL0s
4 + (TmR0 + L0 + 2TmL0ωc)s

3

+(NUcKpKPWM +R0 + 4TmL0ω
2
0

+2(TmR0 + L0)ωc)s
2 + (4(TmR0 + L0)ω

2
0

+2(NUcKpKPWM +R0)ωc)s
+4(NUcKpKPWM +R0)ω

2
0 ]

= −1. (B-3)

Besides, ωc = 2πΔf, if the error of frequency is 0.5Hz, ωc =
π. Then, substituting Kp = 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, Kr2 = 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 IV.
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