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Comprehensive Comparisons Between Six-Arm
and Nine-Arm Modular Multilevel Converter

Futian Qin, Feng Gao, Yi Tang, Jinyu Wang, and Tao Xu

Abstract—Nine-arm modular multilevel converter (9A-MMC)
is a compact modular multilevel converter (MMC) with two sets
of three-phase output terminals, and it can be regarded as the
integration of two conventional six-arm modular multilevel
converters (6A-MMC) with double function middle arms. Compared
with two 6A-MMCs, the required submodules (SMs) in 9A-MMC
can be reduced, however, there will be some performance tradeoffs,
and the performance tradeoffs of 9A-MMC have not yet been
investigated in detail. Hence, this paper gives the comprehensive
comparisons between 6A-MMC and 9A-MMC, including the
required SMs number, the current stress of the semiconductor
device, the maximum capacitor voltage ripple, and the power
losses of the whole system. This paper can be a guide to make
the best use of the advantages and avoid the disadvantages of
9A-MMLC. Finally, the simulation results verify the mathematical
analysis of the comparisons.

Index Terms—Capacitor voltage ripple, current stress, nine-arm
MMC, power losses, six-arm MMC, submodules number.

I. INTRODUCTION

INCE modular multilevel converter (MMC) was first
proposed 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 transmission systems (FACTs) [6]-[8], medium-voltage
motor drives [9], [10], etc., due to its prominent advantages of
modularity, scalability, and superior harmonic performances
[11]-13].
There are several medium/high-voltage applications including
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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
compact nine-arm MMC (9A-MMC) with two sets of three-
phase terminals [15]-[18]. Compared with two 6A-MMCs,
9A-MMC can save 25% of the required arms and 50% of
the arm inductors, and the corresponding SM capacitors, SM
capacitor voltage sensors, gate-drive circuits, and arm current
sensors can also be reduced. This can significantly reduce
system weight, volume, and cost. Meanwhile, the 6A-MMC'’s
excellent advantages of modularity, scalability, high reliability
and superior harmonic performance can be inherited in
9A-MMC.

The 9A-MMC was firstly proposed in [19], where the sub-
modules (SMs) was powered by the ideal DC-source to
simplify the control scheme design, and the circulating current
suppression control (CCSC) and capacitor voltage balancing
control (CVBC) were not considered. The detailed operation
analysis and control scheme of 9A-MMC were firstly
presented in [20]-[21]. 9A-MMC is topologically similar to
the nine-switch converter, which was first proposed in [22].
Although the nine-switch converter can save components in
configuration, the performance tradeoffs are always unavoi-
dable. For instance, there are strict restrictions in its total
attainable amplitude and phase shift between its two terminal
sets, and the dc-link voltage would be higher compared with
that of conventional back-to-back voltage source converter
(VSC) in some operating scenarios [23]. Many previous
studies have investigated the performance tradeoffs of the
nine-switch converter and given the comparisons between the
nine-switch converter and twelve-switch converter, including
the current stress [24] and power losses [25], [26]. It has to be
pointed out that the existing researches only emphasize the
9A-MMC’s advantage of reducing SMs number, however,
the performance tradeoffs of 9A-MMC have not yet been
reported and investigated in detail. One of the performance
tradeoffs of 9A-MMC is that the operation range of 9A-MMC
is limited, and the modulation ratios of two sets of three-phase
terminals and the relative phase angle between them cannot
be set arbitrarily. Fortunately, a unique operational 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. Under this unique operation
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Fig. 1. Topology of the conventional six-arm modular multilevel converter
(6A-MMC).

mode, the DC-side voltage of 9A-MMC needs to be varied
with the sum of SM number in one phase. Moreover, there are
the other performance tradeoffs of 9A-MMC should be fully
analyzed.

Therefore, this paper gives comprehensive comparisons
between two conventional 6A-MMCs and 9A-MMC, inclu-
ding the required SM number, the current stress of the
semiconductor device, the maximum capacitor voltage ripple,
and the power losses of the whole system. The simulation
results finally verify the corresponding mathematical analysis.

II. ToPOLOGIES AND MATHEMATICAL MODELS OF 6A-MMC
AND 9A-MMC

A. Topologies of 6A-MMC and 94-MMC

Fig. 1 illustrates the conventional 6A-MMC, which is
composed of three phase-legs, where each phase-leg consists
of two arms and each arm comprises N series-connected half-
bridge SMs and a series arm inductor L .. The 9A-MMC is
depicted in Fig. 2, and the 9A-MMC also consists of three
phase-legs, but each phase-leg is formed by three arms, named
as the upper, middle, and lower arm, respectively. The upper,
middle, and lower arm separately comprises k&, k,, and &, half-
bridge SMs, L, and L, are the arm inductors in upper and lower
arm with L, = L,. Being different, there is only one set of three-
phase terminal in conventional 6A-MMC, which is located at
the middle point between upper and lower arm, while there are
two sets of three-phase terminals in 9A-MMC, one is located
at the middle point between upper and middle arm, and the
other is located at the middle point between middle and lower
arm. Moreover, the SMs number of upper and lower arm in
6A-MMC are usually equal, but the SMs number of upper,
middle, and lower arm in 9A-MMC can be unequal.
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Fig. 3. Single-phase equivalent models of (a) the 6A-MMC, (b) the 9A-MMC.

B. Mathematical Models of 6A-MMC and 94-MMC

The simplified equivalent models of single-phase conventional
6A-MMC and 9A-MMC are depicted in Fig. 3 (a) and (b),
where the SMs are considered as the controlled voltage
sources and the voltage of each arm is the combination of
these controlled voltage sources. Because the upper and
lower arm in 6A-MMC are generally symmetrical, the output
current will be divided equally between upper and lower arm.
Therefore, according to the equivalent model, the mathematical
expressions of arms’ voltages and currents in j (j = a, b, or ¢)
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phase of 6A-MMC can be expressed as follows:

1 di . .

w,; = TNU(' -y - (Loﬁ?L + Rolpj) )
! dig ey

w, = 2—NUC +u, - (LO o + Roznj) 2)
o 1. w0
iy = 3T+ 5 + Zﬁ' 3)
1 1. w0
iy = 3l = i+ Zzlzj @

where u,; and u,; are the upper and lower arm voltage in
conventional 6A-MMC, i,; and i, are the upper and lower arm
current, NV is the number of SMs per arm, U, is the rated SM
capacitor voltage, u;, and i, are the output voltage and current, I,
is the DC-side current, izj(") is the nth-order circulating current, L,
and R, are the inductance and resistance of arm inductor.

In 9A-MMC, each phase-leg is formed by three arms, and the
upper and lower output currents can be coupled via the middle
arm. Besides, because of the asymmetry of three arms in the
same phase-leg, the division of the upper and lower output
currents among three arms will be unequal. The mathematical
expressions of arms’ voltages and currents in j (j = a, b, or ¢)
phase of 9A-MMC can be expressed as follows:

1 diy, :
Uy = ?kl U, - Wy - (LUT;L + RULUj) ©)
1
Uy, = Tkz U. + Wy — (6)
1 (oodi .
w; = 2—k3UC +tu, - (L()?tLL + Rolu) (7
S R i o ®
iy = 3 la + i, + ( —,U,)ljz + n,:ZLZj
. 1 . . - ()
by = 371« -(1- )\)le +(1 _:“)sz + Z;L"‘" €
. 1 . . - o
iy = gL = (1= )i =gy + 2; i (10)

where u, u;, and u;; are the upper, middle, and lower arm
voltages in 9A-MMC, and iy, iyy;, and iy; are the upper, middle,
and lower arm currents, u;, uy, i;, and i, are the upper and
lower output voltages and currents, k,, k,, and k; are the
number of SMs in upper, middle, and lower arm, 4 and u are
the distribution coefficients of upper and lower output currents
among three arms.

The DC-side voltage of the conventional 6A-MMC and

9A-MMC can be derived as follows:

l]dch—MMC =N U, (11)
(k, +k, +E)U,
U onwme = % (12)

III. CompaRrisoNs BETWEEN 6A-MMC AND 9A-MMC

The original intention of 9A-MMC is to realize the same
function as two 6A-MMCs, therefore, the following comparisons
should be carried out between two 6A-MMCs and 9A-MMC. To
distinguish two 6A-MMCs, they are named as 6A-MMC, and
6A-MMC,, respectively.

A. Required SMs Number

The output phase voltages of two 6A-MMCs can be assumed
as follows:

ujl(t) = Uj1 sin (wt) (13)
u,(t) = U, sin (t + 0) (14)

where U, and U, are the amplitude of output phase voltages
in 6A-MMC, and 6A-MMC,, respectively, 4 is the relative
phase angle of output phase voltages between 6A-MMC,
and 6A-MMC,. The comparisons should be under the same
operation condition, hence U, and U, can also represent
the amplitude of upper and lower output phase voltages in
9A-MMC, 6 is the relative phase angle between upper and
lower output phase voltages in 9A-MMC.

The modulation ratios of output terminals in 6A-MMC, and
6A-MMC, can be separately defined as follows:

2U.

M, = ﬁ (15)
2U.
_ 2

M, N, . (16)

The number N of SMs per arm in 6A-MMC can be calcula-
ted as follow:

N - ljd(;;}fM\AC . (17)

The arm reference voltages of 9A-MMC can be calculated
by (5)-(7) and (13)—(14), and neglecting the voltages of arm
inductors, the normalized arm reference voltages of 9A-MMC
can be expressed as follows:

wy 0= 5[ 1= M, sin (@) (18)
() = 7 1+ EMI sin (wt) — EMZ sin (wt + 6)
uy 0) = % 1+ M, sin (@t + 6)) (20)

where M, = 2U,)/k,U, and M , = 2U,/k,U, are the modulation
ratios of upper and lower output terminals in 9A-MMC.
According to the unique operation model of 9A-MMC
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Fig. 4. The number of required SMs in 9A-MMC with the change of
amplitude difference and relative phase angle.

presented in [21], the SMs number in each arm can be
different. The number of SMs in upper arm k, depends on the
amplitude of the upper output phase voltage and the rated SM
capacitor voltage, while the number of SMs in lower arm £k,
depends on the amplitude of the lower output phase voltage
and the rated SM capacitor voltage. Their expressions can be
given as follows:

12U,

k, =ceil 4LU (21)
12U,

k, = ceil 4U (22)

where ceil is the top integral function. Being different, the
number of SMs in the middle arm k, depends on not only the
amplitude of both upper and lower output phase voltages but
also the relative phase angle between two terminals. £, can be
expressed as follow:

2
k, = ceil

+ (@M; sin 0 )2 }
(23)

\/(k,M; — kM, cos 0 )

To demonstrate the advantage of 9A-MMC for reducing
the SMs number, Fig. 4 shows the graphic comparisons of the
required SMs number between two 6A-MMCs and 9A-MMC
under different modulation ratio difference AM and relative
phase angle 8, where AM = M, — M,, and M, is set as 0.9. It
is noted that the number of SMs in two 6A-MMCs is taken
as the reference for comparison. Besides the SMs number
comparisons, these comparisons can also represent the number
of the SM capacitors, IGBTs, diodes, gate-drive circuits, or
SM capacitor voltage sensors comparisons, because these
comparisons have been normalized. As seen, compared
with two 6A-MMCs, the number of required components in
9A-MMC can be dramatically reduced when the modulation
ratio difference AM is large and the relative phase angle is
small, but with the modulation ratio difference AM becoming
small and the relative phase angle increasing, the advantage
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Fig. 5. Comparison of the DC-side voltage between the 6A-MMC and
9A-MMC under the different operation conditions.

of 9A-MMC for reducing components will not be obvious.
The comparisons of the DC-side voltage in the 6A-MMC and
9A-MMC under the different operation conditions are shown
in Fig. 5 where the DC-side voltage in the 6A-MMC is taken
as the reference. As shown in Fig. 5, the DC-side voltage in the
9A-MMC is not always higher than that in the 6A-MMC, and
the DC-side voltage in the 9A-MMC may be lower than that in
the 6A-MMC when 0 is small.

The above comparisons are based on the operation model
that the operation frequencies of two output terminals are
identical. If the operation frequencies of two output terminals
are different, the expression of the number of SMs in the
middle arm shown in (23) will not be suitable. Because the
middle arm voltage should be larger than zero and less than
kU, hence, the number of SM in middle arm 4, should satisfy
(24) under different frequency operation mode.

k, = Max{ Max| k, M, sin (@,1) - k, M, sin (@,t + )], o

Max e, M, sin (,t + 6) - k, M, sin (@,0)]]

Under the specific different frequency operation mode, the
number of the required SM in 9A-MMC when (M|, M,) are
set as (0.8, 0.8), 6 is set as 60° or 90° are normalized and listed
in Table I and II, respectively, where the number of required
SMs under the common frequency operation mode is taken
as the reference. Compared with the common frequency
operation mode, the different frequency operation mode will
need more SMs, which can weaken the advantage of 9A-MMC
for reducing components. Therefore, the different frequency
operation mode will not be elaborated in the following sections.

B. Current Stress of Semiconductor Device

The current stress of the semiconductor device is one of
the standards for semiconductor device selection, which is
significantly important to the operation safety of the converter.
To determine the current stress of the semiconductor device,
the arm currents should be firstly calculated, and the maximum
of arm currents can be regarded as the current stress of the
semiconductor device. The arm currents in 6A-MMC can be
casily calculated by (3) and (4), however, to obtain the arm
currents in 9A-MMC, the distribution coefficients (4, ) of
upper and lower output currents among three arms should be
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TABLEI
THE NUMBER OF REQUIRED SM IN 9A-MMC UNDER DIFFERENT FREQUENCY
OPERATION MODEL (M, =M, = 0.8, 8= 60°)

S 50 75 100 125 150 175 200

W2 (Hz)

25

50

75

100
125
150
175
200

TABLE I
THE NUMBER OF REQUIRED SM IN 9A-MMC UNDER DIFFERENT FREQUENCY
OPERATION MODEL (M, = M, = 0.8, = 90°)

% 25 50 75 100 125 150 175 200

25
50
75 9/8 9/8
100 9/8 9/8
125 9/8 9/8 9/8 9/8
150 9/8 9/8 9/8 9/8 9/8
175 9/8 9/8 9/8 9/8 9/8 9/8
200 9/8 9/8 9/8 9/8 9/8 9/8

9/8 9/8 9/8 9/8 9/8 9/8
9/8 9/8 9/8 9/8 9/8
9/8  13/12  9/8 9/8
9/8 9/8 9/8  13/12
9/8 9/8
9/8

firstly calculated.
The output currents of 9A-MMC can be assumed as follows:

i, () = Lsin (01 - @) (25)

i,(t) = Lsin (wt + 6 - @,) (26)

where [, and I, are the amplitude of upper and lower output
currents, ¢, and ¢, are the power factor angle of upper and
lower output terminal in 9A-MMC. Meanwhile, 1, and 1, can
also refer to the amplitude of output currents in 6A-MMC,
and 6A-MMC,, respectively, ¢, and ¢, can be the power factor
angle of output terminals in 6A-MMC, and 6A-MMC.,.

According to (5)—(7) and (13)-(14), the arm reference
voltages in 9A-MMC can be expressed as follows:

uUjJef

1 .
= Z—kl U, - U,sin (wt) 27)
i = 3 ks U, + Uysin @1) = Uysin @t + ) (28)
= %@ U, + Uysin (@t + 6). (29)
According to (8)—(10) and (25)—(26), and assuming the

circulating current to be suppressed effectively, the arm
currents of 9A-MMC can be expressed as follows:

iy = -+ Mysint = @) + (1= wlsinr + 0 - ¢,)

(30)

iy = ;T]«l«' — (1 = DI sin@t - @) + (1 =)l sin(t + 6 - ,)
(€2))
i, = ;71@ — (1= M, sinl - ¢,) -l sint + 0 - ¢,)

(32)

The average absorbed power of each arm can be calcula-
ted by multiplying corresponding arm voltage with arm
current, which can be expressed as follows:

1" :
PUj =TJOILU XlUjdt

T

R | . '
T J0 (Tk‘U“ i ) % [371% + A+ (1 —,U«)Zﬂ]dt

(33)
¢ T
PM]- = 17 ](]U,M]. X L'del
T
B 17 Jo (%I%Uv + i ‘“/z) X H*’.h, = (L=, + (I - iy |de
(34)
1 T
PLJ:TJ u; Xiudt

" 1 . .
} (27]‘% Uc + ujz) X {371110 - (1 - )‘)le _/“u’jZ de.

(335)

The detailed expression of py;, py,, and p;; are shown in
(A1), (A2), and (A3), respectively. Moreover, the expression
of the DC-side current is shown in (A4). Under steady opera-
tion state, the transferred active power between DC-side and
AC-side is equal, which means that the upper, middle, and
lower arm absorb no active power and the absorbed active
power by three arms should satisfy (36)—(38).

P; =0 (36)
PM/’ =0 37
P, =0 (38)

(36)—(38) can compose a set of equations about 4 and y,
and the values of A and i can be determined by solving these
equations.

Fig. 6(a) and (b) display the comparisons of the current
stress of semiconductor device between two 6A-MMCs and
9A-MMC when the modulation ratios (M,, M,) are set as 0.8
and 0.8, 0.8 and 0.6, respectively, and the relative phase angle
6 changes from 0° to 180°. It is shown that the current stress
of the semiconductor device in 9A-MMC may be larger than
that of 6A-MMC, but this case is not universal. The current
stress of the semiconductor device in 9A-MMC can be almost
equivalent to that in 6A-MMC when the modulation ratios are
set as 0.8 and 0.8, and the relative phase angle is from 110° to
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Fig. 6. Comparisons of the current stress of the semiconductor device between
two 6A-MMCs and 9A-MMC when the modulation ratios are set as (a) 0.8
and 0.8, (b) 0.8 and 0.6.

180°. However, in the case that the modulation ratios are set as
0.8 and 0.6, the range of the relative phase angle is from 90°
to 140° when the current stress of the semiconductor device
in 9A-MMC can be almost equivalent to that in 6A-MMC.
Therefore, the modulation ratios of two sets of output terminals
and the relative phase angle between them have a significant
influence on the current stress of semiconductor in 9A-MMC.
To avoid the large current stress of the semiconductor device
in 9A-MMC, the operation scenario of 9A-MMC should be
selected elaborately. To investigate the influence of the power
factor angle ¢ on the current stress of the semiconductor devices
in 6A-MMC and 9A-MMC, the comparisons of the current
stress of the semiconductor devices between the 6A-MMC
and 9A-MMC with different ¢ are shown in Fig. 7(a) and
(b), respectively. As shown in Fig. 7, the current stress of the
semiconductor device in the 6A-MMC is minimum when ¢ is
90° and 270° (i.e., the output active power is equal to 0). The
current stress of the semiconductor device of the middle arm
in the 9A-MMC is also minimum when ¢ is 90° and 270°, but
@ is not 90° or 270° when the current stress of semiconductor
devices of the upper and lower arms in 9A-MMC is minimum,
which varies with the operation conditions.

C. Maximum SM Capacitor Voltage Ripple

In [27], the SM capacitor voltage ripples in conventional
6A-MMC have been investigated in detail, and the SM capacitor
voltage ripples in 6A-MMC mainly consist of the first- and
second-order ripple components. The maximum SM capacitor
voltage ripple in 6A-MMC can be obtained according to [27].
Neglecting the high-frequency components, the switching
functions of upper, middle, and lower arm in 9A-MMC can be
defined as follows:

g
o

ERE GA-MMC — 9A-MMC
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Fig. 7. Comparisons of the current stress of the semiconductor device between
two 6A-MMCs and 9A-MMC when (M, M,) and 0 are set as (a) (0.8, 0.8) and
60°, (b) (0.8, 0.6) and 60°.

fis®© = 3= [1 = M, sin(wr) (39)
OE ;7 1+ :—l M; sin(wt) — —z M; sin(wt + 6) | (40)
£, = ;—[1 + Mysin(ot + 6) . @1)

When the arm current flows through the arm, it will be
coupled to the DC-side of SMs by switching actions. Then the
average capacitor currents in upper, middle, and lower arms
can be determined as follows:

ic,Uj () =ij (t)iuj' (t) (42)
Iy () = Sy @i (©) (43)
i, ;) = £, @), @) (44)

The capacitor voltage fluctuations can be easily calculated
by integrating corresponding AC components in capacitor
current, and the capacitor voltages in upper, middle, and lower
arm can then be calculated as follows:

u, (t) = Uy + é— J i, (@) e 45)
uC—M]() U + é f Le_wj (t)dt (46)
U, 15 ) =U, + % J i, ; () de. 47

The detailed expression of SM capacitor voltage ripples in
the upper, middle, and lower arm can be derived in (B1)-(B6).
As shown in Appendix B, the SM capacitor voltage ripples in
9A-MMC mainly consist of the first- and second-order ripple
components as well.
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Fig. 8. Comparisons of the maximum capacitor voltage ripple between two
6A-MMCs and 9A-MMC when the modulation ratios are set as (a) 0.8 and 0.8,
(b) 0.8 and 0.6.

Fig. 8 shows the comparisons of the maximum SM capacitor
voltage ripple between 6A-MMC and 9A-MMC under
different modulation ratios and relative phase angle, where
only the first- and second-order capacitor voltage ripples are
taken into account, and the maximum capacitor voltage ripple
in 6A-MMC is used as a reference for comparison. In specific,
Fig. 8(a) shows the comparison when the modulation ratios are
set as 0.8 and 0.8, and the relative phase angle changes from
0° to 180°, Fig. 8(b) shows the comparison with the relative
phase angle varying from 0° to 180° when the modulation
ratios are sets as 0.8 and 0.6. As seen, the comparison of the
maximum SM capacitor voltage ripple between 6A-MMC and
9A-MMC is similar to the comparison of the current stress of
the semiconductor device in 6A-MMC and 9A-MMC. The
maximum SM capacitor voltage ripple in 9A-MMC is not
always larger than that in 6A-MMC, which is also related to
the operation scenario of 9A-MMC.

D. Power Losses

In [28], a calculation method of the power losses in 6A-MMC
was presented, where the static-state losses including the
conduction losses of switches and diodes are considered,
and their off-state blocking losses are neglected. Besides, the
switching losses including both the turn-on loss and the turn-
off loss of switches and the recovery loss of fast recovery
diodes are taken into accounts as well. The arm currents
and switching signals can be firstly determined based on the
specified operation condition and modulation method. Then,
the conducting currents and voltage drop of all the switches
and diodes will be obtained. The transient power loss can be
achieved by multiplying the conducting current and voltage
drop, then the conduction loss energy during one operation
period can be obtained based on the integral of transient power

TABLE III
SIMULATION PARAMETERS FOR 6A-MMC anD 9A-MMC

Parameters 6A-MMC 9A-MMC

SM capacitor voltage U, 600V 600V

SM number per arm N=8 =7k =8k=5
DC-side voltage 4.8kV 6kV

SM capacitor C 1 mF 1 mF
Fundamental frequency f 50 Hz 50 Hz
Carrier frequency f; 5kHz 5kHz

Arm inductor Lgm, 2 mH 2mH

IGBT module FF100R12RT4 FF100R12RT4

loss. The conduction loss of the ith SM can be expressed as
follow:

T
1 . . . .
P cond_i () = T J 0 (U Ty + Ugplsy + Upyy iy + Uy )de (48)

where ug;,, U, U, and up,, are the voltage drops of S;,, Sy, D;;,
and D, respectively, and iy, gy, ip;, and ip, are the currents of
Seit> Swo» Dyit» and D, , respectively.

The switching losses will be generated at each switching
time, according to the switching states and current polarity at
switching time, the switching behaviors and related energy
losses can be derived. Then, accumulating the energy losses
at every switching time one by one, the switching losses of all
the switches and diodes will be finally obtained. The turn-on
energies and the turn-off energies of switches and the recovery
energies of fast recovery diodes at every switching time can be
respectively given as follows:

U I
E, — c”S_on E
S_on Ug N[S . S_onN (49)
— UL ]S _off
ES,off - Ug ng N Eb offN (50)
U.1
E — D_rec E
D_rec UD \J]D N D_recN (51)

where Us v, Is  and Uy, y, I, y are the certain voltage and
current of switches and diodes, £y, and Eg ,p are the turn-
on and turn-off energies of switches at the certain voltage and
current, £y, .. is the reverse recovery energy of diodes at the
certain voltage and current, these data can be obtained from the
datasheet, I ,, I o and Iy, .. are the currents at switching time
in practice.

The IGBT module adopted in both 6A-MMC and 9A-MMC is
FF100R12RT4 produced by Infineon, and the design parameters
of the converter are listed in Table III. The comparisons of
power losses under different operation conditions between two
6A-MMCs and 9A-MMC are shown in Fig. 9. In specific, Fig.
9(a) shows the power losses comparisons with the relative
phase angle changing from 0° to 360° when the modulation
ratios are set as 0.8 and 0.8. The power losses with the variation
of relative phase angle when the modulation ratios are set
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Fig. 9. Power losses of two 6A-MMCs and 9A-MMC with the variation of the
relative phase angle 6 when the modulation ratios are set as (a) 0.8 and 0.8, (b)
0.8 and 0.6.

as 0.8 and 0.6 are presented in Fig. 9(b). It is clear that the
relative phase angle between two sets of output terminals does
not affect the power losses of 6A-MMC, because two sets of
output terminals in two 6A-MMCs can be decoupled by the
common DC-link. However, the power losses of 9A-MMC are
very relevant to the modulation ratios and the relative phase
angle. Besides, the power losses of 9A-MMC are not always
larger than that of two 6A-MMCs, 9A-MMC can obtain higher
efficiency under some operation conditions. To investigate the
relationship between the power factor angle and the power
losses, Fig. 10 shows the power losses of two 6A-MMCs and
9A-MMC with different power factor angle, where the relative
phase angle between two sets of output terminals is set as 60°.
The power losses shown in Fig. 10(a) are under the modulation
ratios are sets as 0.8 and 0.8, while Fig. 10(b) shows the power
losses when the modulation ratios are set as 0.8 and 0.6. It is
shown that the power losses of 6A-MMC and 9A-MMC can be
decreased with the reduction of the output active power because
the DC component of the arm currents can be decreased when
the converter outputs less active power.

IV. SiMuLATION RESULTS

To verify the mathematical analysis of the comparisons between
6A-MMC and 9A-MMC, the simulations of 6A-MMC and
9A-MMC is carried out in MATLAB/Simulink to power two
identical inductive loads with L =5 mH and R =30 Q. The key
simulation parameters are summarized in Table III, and the
detailed control scheme can be found in [21].

The simulation results of the specific operation state that the
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Fig. 10. Power losses of two 6A-MMCs and 9A-MMC with the change of the
power factor angle ¢ when the modulation ratios are set as (a) 0.8 and 0.8, (b) 0.8
and 0.6.
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Fig. 11. Output voltages of two sets of output terminals in 6A-MMC and
9A-MMC.

modulation ratios are set as 0.8 and 0.6, and the relative phase
angle is set as 80° are sequentially presented.

Two sets of output voltages of 6A-MMC,, 6A-MMC, and
9A-MMC (u,;, uy,, U, and uy, u,, ) are shown in Fig. 11,
and the two sets of output currents (i, iy, i, and i, i, i) are
shown in Fig. 12. It is obvious that the 9A-MMC can output
the standard sinusoidal waveforms like 6A-MMC. Fig. 13
presents the arm currents in 6A-MMC and 9A-MMC. As seen,
the arm currents of the upper and lower arm in 6A-MMC (i,,
i,) are symmetrical, and the amplitude of them are identical.
The arm currents of the upper, middle, and lower arm in
9A-MMC (i, iy, and i) are asymmetrical. The SM capacitor
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voltages of upper and lower arm in 6A-MMC (u, ,, u, ,) and
the SM capacitor voltages of the upper, middle, and lower
arm in 9A-MMC (u, y, u, \» and u, ;) are displayed in Fig. 14.
The maximum SM (;apacitor Voltaée ripple in 6A-MMC, and
6A-MMC, are 76.14 V and 66.15 V, respectively, however,
the maximum SM capacitor voltage ripple of upper, middle,
and lower arm in 9A-MMC are 62.78 V, 58.79 V, and 95.63
V. The power losses of 6A-MMC,, 6A-MMC,, and 9A-MMC
are shown in Fig. 15. It is shown that the power losses of
9A-MMC are fewer than the total power losses of 6A-MMC,
and 6A-MMC,, and the power losses in the three phases
of two 6A-MMCs and 9A-MMC are 8.24 kW and 7.15
kW, respectively. Moreover, the comparisons between the
theoretical analysis and simulation results including the current
stress of semiconductor devices, the maximum SM capacitor
voltage ripple, and the power losses of the 6A-MMC and
9A-MMC are summarized in Table IV.

V. CONCLUSION

This paper presented the comprehensive comparisons
between 6A-MMC and 9A-MMC including the required
SMs number, the current stress of the semiconductor device,
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Fig. 14. SM capacitor voltages of 6A-MMC and 9A-MMC.
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the maximum capacitor voltage ripple, and the whole system
power losses. Compared with two 6A-MMCs, the number
of required SMs in 9A-MMC can be reduced, especially
when the modulation ratio difference between two sets of
output terminals is large and the relative phase angle is small.
Besides, the number of the corresponding SM capacitors, SM
capacitor voltage sensors, and gate-drive circuits can also be
reduced. The number of required SMs in 9A-MMC under the
different frequency operation model is more than that under
the common frequency operation model, which can weaken
the advantage of 9A-MMC for reducing the components. The
current stress of the semiconductor device and the maximum
SM capacitor voltage ripple in 9A-MMC may be larger than
that in 6A-MMC, but this is not universal. Under some specific
operation conditions, the performance of the current stress of the
semiconductor device and the maximum SM capacitor voltage
ripple in 9A-MMC can be almost equivalent to the 6A-MMC.
The power losses of 9A-MMC are also not always larger
than that of two 6A-MMCs, and 9A-MMC even have higher
efficiency under the specific operation conditions. The most
obvious advantage of 9A-MMC is the reduction of the required
components, but there are some performance tradeoffs like the
other reduced-switch topology, and the performance tradeoffs
of 9A-MMC are very relevant to the operation conditions. This
paper identified these performance tradeoffs by the comparisons
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TABLE IV
COMPARISONS BETWEEN THEORETICAL ANALYSIS AND SIMULATION RESULTS
) - 9A-MMC
M=0.8, My=0.6, 0-80° Calculation Simulation Calenlation Simlation
6A-MMC, 6A-MMC, 6A-MMC, 6A-MMC, aleutatio wiatio
Current Stress of Upper Arm 6301 A 4619 A 64.29 47.24 Upper Arm 71.19 A 73.66 A
. . Middle Arm 703 A 728 A
Semiconductor Devices Lower Arm 63.01 A 46.19 A 64.29 47.24 L(l)WCr Arm 90.92 A 93.14 A
. . Upper Arm 60.64 V 62.78 V
Maximum Capacitor Upper Arm 74.96 V 64.84 V 76.14 V 66.15V I
. Middle Arm 5721V 58.79V
Voltage Ripple Lower Arm 7496V 6484V 7614V 6615V Lower Arm 9239V 95.63 V
Upper Arm 233kW  179kW  238kW  1.83kW Upper Arm 2.02 kW 2.06 kW
Middle Arm 2.61 kW 2.67 kW
Power Losses Lower Arm 2.33 kW 1.79 kW 2.38 kW 1.83 kW Lower Arm 250 kKW 257 kW
Sum 466kW  356kW  476kW  3.66kW Sum 715kW 73 kW
between two 6A-MMC and 9A-MMC, which can be helpful to 1, {klM ,cos(wt) — kM, cos(wt + 0)]
make the best use of the advantage of 9A-MMC. emito = 6wck
2
APPENDIX A N (I =M coslwr —¢,) (1 —pw)l,cos(wi + 0 - ¢,)
2wce 2wc
The detailed expressions of the average absorbed power by (B3)
three arms, and DC-side current are shown as follows: .
w = (I = M),k M sinCwt — ¢))
c_My_. W
o kUL, AL U, cosg,  1,U cos(-¢,) 8wck,
U 6 2 2 s
(A1) (I =Wl k M sinQwt + 6 - ¢,)
1, U, cos(f — -
" MLy Uy 2( ®,) 8wck, (B4)
P, = k,U 1, [jl Ujl cos @, A[jl Ujl cos @, - (- /\)Iflk3MZSin(2wt t0-¢)
wT g - 2 + 2 8wck,
L LaUycos®-@)  pl,Uycos@ - ¢,) o (L=l MysinQat +20 - ¢,)
2 2 (A2) 8wck,
n L, Uycos(f + @) _ AL U, cos(6 + ¢,) :
2 2 " I, .M, cos(wt + 6) . (1 = NI, cos(wt — ¢,)
elite ™ 6wc 2wc
LUscose, | plUncos o, ®s)
) B . M, cost + 60 - @)
2wc
P = kU, _ Ijl UJ‘ZCOS(G +¢) + )‘]jl szcos(ﬁ +¢)
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