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Abstract—The modular multilevel matrix converter (M3C) is a
promising topology for medium-voltage, high-power applications.
Due to the modular structure, it is scalable and capable to produce
high quality output waveforms and can be fault tolerant. However,
the M3C suffers from low frequency capacitor voltage fluctuation if
the output frequency is close to the input voltage frequency, which
limits its application in adjustable speed drive fields. This paper
presents a theoretical analysis in the phasor domain to find the
branch-energy equilibrium point of the M3C when operating with
equal input and output frequency first. Then, a branch energy bal-
ancing control method based on branch current reallocation is pro-
posed to equalize the energy stored in the nine converter branches.
With the proposed method, the M3C can effectively suppress the
capacitor voltage fluctuation without injecting common-mode volt-
age or applying reactive power to the input side. Experimental
results are presented to validate the proposed method.

Index Terms—Energy and balancing control, equal frequency,
medium-voltage high-power ASD, modular multilevel matrix con-
verter (M3C), triple-star bridge cells (TSBC) converter.

I. INTRODUCTION

THE modular multilevel matrix converter (M3C) [1] or
triple-star bridge cells converter [2], shown in Fig. 1, can

be used to connect two three-phase electrical systems (input
side and output side systems) using nine active branches. Each
branch is composed of a cascaded connection of full-bridge
(H-bridge) converter cells and a branch inductor. The topology
enables direct ac–ac bidirectional power conversion and ensures
that the three-phase input and output waveforms close to sinu-
soidal with controllable power factor on the input side [3]–[6]. In
common with other members of the modular multilevel cascade

Manuscript received October 18, 2016; revised January 30, 2017; accepted
March 6, 2017. Date of publication March 21, 2017; date of current version
November 2, 2017. This work was supported in part by the Education Develop-
ment Program of Delta Environmental & Educational Foundation under Grant
DREK2015001. This paper was presented in part at the 42nd Annual Confer-
ence of the IEEE Industrial Electronics Society, Florence, Italy, October 24–27,
2016. Recommended for publication by Associate Editor M. Perez.

B. Fan, K. Wang, and Y. Li are with the State Key Laboratory of Power
System, Department of Electrical Engineering, Tsinghua University, Beijing
100084, China (e-mail: fbr13@mails.tsinghua.edu.cn; wangkui@tsinghua.edu.
cn; liyd@mail.tsinghua.edu.cn).

P. Wheeler and C. Gu are with the Department of Electrical and Electronic
Engineering, University of Nottingham, Nottingham NG7 2RD, U.K. (e-mail:
Pat.Wheeler@nottingham.ac.uk; guchunyang@163.com).

Color versions of one or more of the figures in this paper are available online
at http://ieeexplore.ieee.org.

Digital Object Identifier 10.1109/TPEL.2017.2685431

Fig. 1. Circuit configuration of the M3C.

converter family [2], the M3C can easily reach high voltage
ratings as well as significantly reduce harmonics and electro-
magnetic interference. In addition, the modular structure makes
it easier to accomplish construction, maintenance, and thermal
designs. Compared with the back-to-back ac–dc–ac modular
multilevel converter (MMC) configuration [7]–[10], recent re-
searches show that the M3C can be more suitable for low-speed
constant-torque motor drives [2], [11]–[14].

These advantages make the M3C a promising topology for
medium-voltage, high-power adjustable speed drive applica-
tions such as off-shore wind-power generations [15], [16], full-
electric marine propulsion systems [17], etc. However, the M3C
suffers from capacitor voltage fluctuation if the output voltage
frequency is close to the input frequency. When the output volt-
age frequency gets close to the input frequency, the branch power
fluctuation can be at a very low frequency (i.e., the difference
between input and output frequencies), which will result in sig-
nificant capacitor voltage fluctuations [18], [19]. This drawback
limits the broad frequency range application of the M3C.

In order to solve this problem, [4] presents a solution by
injecting circulating currents and applying reactive power at the
input side. However, the reactive power at the input side is not
permitted in some applications as the input side is connected to
the electrical grid. The use of the reactive power may decrease
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grid power quality and increase branch current stresses. The
work described in [6] introduces some common-mode voltage
to avoid the need for reactive power at the input side, a similar
technique to the mitigation control of the MMC at low-speed
range [8], [9]. However, the reference for the common mode
voltage is difficult to design and may cause over-modulation.
The common mode voltage may also lead to premature failure
of motor bearings. The ideas described in [20] use an adjustment
in the motor voltage to ensure that the input and output side share
the same voltage magnitude. This method helps to achieve lower
branch current stresses but it has some operational restrictions.
The condition of the same input and output voltage magnitude is
difficult to hold since in some applications, the voltage levels of
the two three-phase systems are different and even if the voltage
levels are the same, the condition is still difficult to hold as the
motor load changes. In addition, the method in [20] also needs
to apply reactive power at the input side.

In order to avoid the use of reactive power and common-mode
voltage, this paper discusses an alternative control method that
only uses circulating currents in the M3C to equalize the energy
among the nine branches. This paper first proves the availabil-
ity of this consideration and then develops a strategy to de-
sign appropriate circulating currents to equalize branch energy.
Section II introduces the concept of the “basic branch currents”
allocation and explains why the branch energy is unstable under
this current allocation. Section III develops an adjusted branch
current allocation in phasor domain and reconstructs the branch-
energy equilibrium point. Section IV proposes a branch cur-
rent reallocation method based on the theoretical analysis in
Section III. Experimental results are presented in Section V to
validate the method, and Section VI concludes the paper.

II. BASIC THEORY OF THE M3C

A. Double αβ0 Transformation

Fig. 1 shows the circuit configuration of the M3C. The M3C
connects two three-phase systems using nine branches. In this
paper, the input three-phase system are denoted as “UVW” and
the output three-phase system are denoted as “RST.” In the
M3C, each branch consists of a branch inductor Lb and a string
of cascaded full-bridges. Applying Kirchhoff’s voltage law to
nine branches yields

[vxy b] = [vLb ] + [vb ] = Lb · d

dt
[ib ] + [vb ] (1)

where

[vxy b ] =

⎡
⎣

vu − vr vu − vs vu − vt

vv − vr vv − vs vv − vt

vw − vr vw − vs vw − vt

⎤
⎦

[ib ] =

⎡
⎣

ib1 ib2 ib3
ib4 ib5 ib6
ib7 ib8 ib9

⎤
⎦ [vb ] =

⎡
⎣

vb1 vb2 vb3
vb4 vb5 vb6
vb7 vb8 vb9

⎤
⎦ . (2)

[vxy b ] is the matrix of differences between the input and
output voltages, [ib ] is the matrix of branch currents and [vb ] is
the matrix of output voltages of cascaded full-bridges. The dou-
ble αβ0 transformation is used to decouple the current control

Fig. 2. Equivalent circuits for the M3C.

for the input, output, and internal currents [3]–[6], [20]–[24].
The definition of the double αβ0 transformation T Dual−αβ is
shown in (3). It is a linear transformation performed on a 3 × 3
matrix M3∗3

TDual−αβ (M3∗3) = TαβM3∗3Tαβ
T

Tαβ =
1
3

⎡
⎣

2 −1 −1
0

√
3 −√

3
1 1 1

⎤
⎦ . (3)

Applying this double αβ0 transformation to (1) yields

[vxy b ]D−αβ = [vLb ]D−αβ + [vb ]D−αβ = Lb
d

dt
[ib ]D−αβ

+ [vb ]D−αβ (4)

where

[ib ]D−αβ =

⎡
⎢⎣

iαα iαβ iuvw
α /3

iβα iββ iuvw
β /3

irst
α /3 irst

β /3 0

⎤
⎥⎦

[vb ]D−αβ =

⎡
⎢⎣

vαα vαβ vα0

vβα vββ vβ0

v0α v0β v00

⎤
⎥⎦

[vxy b ]D−αβ =

⎡
⎢⎣

0 0 vuvw
α

0 0 vuvw
β

−vrst
α −vrst

β −vcom

⎤
⎥⎦ . (5)

In matrix [vxy b ]D−αβ and [ib ]D−αβ, vuvw
α , vuvw

β and
iuvw
α , iuvw

β are the input voltages (vu , vv , vw ) and input
currents (iu , iv , iw ) on the αβ reference frames. vrst

α , vrst
β

and irst
α , irst

β are the output voltages (vr , vs , vt) and out-
put currents (ir , is , it) on the αβ reference frames. In ma-
trix [ib ]D−αβ, iαα , iαβ , iβα , iββ are the four inner circulating
currents. These four inner circulating currents are independent
of input currents (iu , iv , iw ) and output currents (ir , is , it).
They can be used to balance the energy stored in the nine
branches. The nine elements in matrix [vb ]D−αβ are the out-
put voltages of the nine cascaded full-bridges on the double αβ
reference frames. Current control for the M3C can be summa-
rized into nine equivalent circuits as shown in Fig. 2 [16]. As
shown in Fig. 2, a decoupled control on input, output, and inner
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circulating currents can be performed by adjusting the value of
matrix [vb ]D−αβ.

The value of the common mode voltage vcom in Fig. 1 is
equal to the value of ′ − v′

00 as shown in Fig. 2. In this paper,
as the consideration is to avoid the injection of common mode
voltage, the value of v00 need to satisfy (6). The sum of the nine
cascaded full-bridge output voltages is set to be zero.

v00 =
9∑

i=1

vbi/9 = −vcom = 0. (6)

B. Basic Branch Current Allocation

If set the value of circulating currents iαα , iαβ , iβα and iββ

in [ib ]D−αβ as zero and apply an inverse transformation of
T Dual−αβ , the nine branch currents are shown in (7). The branch
current consists of 1/3 of the x-phase (x = u,v,w) input side
current and 1/3 of the y-phase (y = r,s,t) output side current
⎡
⎣

ib0,1 ib0,2 ib0,3
ib0,4 ib0,5 ib0,6
ib0,7 ib0,8 ib0,9

⎤
⎦ =

1
3
·
⎡
⎣

iu iu iu
iv iv iv
iw iw iw

⎤
⎦ +

1
3
·
⎡
⎣

ir is it
ir is it
ir is it

⎤
⎦ .

(7)
In this paper, the branch currents in (7) are defined as the

“basic branch currents.” Recent literatures mostly assume this
branch current allocation as the “branch energy equilibrium
point” which implies that this branch current allocation can
naturally balance the energy stored among nine branches. On
the basis of this allocation, circulating currents iαα , iαβ , iβα

and iββ are designed to compensate possible branch energy
deviations [18]–[20].

C. Branch Power Around Equal Frequency Operation

Here, the input and output systems are assumed to be three-
phase balanced. Phase u/r is 120° ahead of v/s and Phase v/s is
120° ahead of w/t. AC grid voltages and Input side voltages are
defined as

vGu = v̂m1 cos(ω1t) vu = v̂′
m1 cos(ω1t + γ1). (8)

In this paper, as the consideration is to apply no reactive
power at the ac grid, the input side currents are defined in phase
with the ac grid voltages

iu = îm1 cos(ω1t). (9)

The voltages and currents of the M3C at the output side are
defined in (10), where θ is the initial angle difference (t = 0)
between the output voltage vr and the input voltage vu . ϕ is the
power factor angle of the load

vr = v̂m2 cos(ω2t + θ + γ1) ir = îm2 cos(ω2t + θ − ϕ + γ1).
(10)

For simplicity, neglecting the branch inductor Lb and ac in-
ductor Ls (γ1 ≈ 0, v̂m1 ≈ v̂′

m1), the branch power is in (11)
when the basic branch current allocation in (7) is applied. It
consists of frequency components at ω1–ω2 , ω1 + ω2 , 2ω1

and 2ω2

pbi = (vx − vy )(ix + iy )/3

= pbi |ω=ω1−ω2 + pbi |ω=ω1+ω2 + pbi |ω=2ω1 + pbi |ω=2ω2 .

(x = u, v, w y = r, s, t i = 1, 2, . . . 9)

(11)

Taking Branches “1, 5, 9” as an example, the frequency com-
ponents at ω1 − ω2 are shown as

pb1,5,9 |ω=ω1−ω2 = p̂ω1−ω2 · cos((ω1 − ω2)t + δ − θ) (12)

where

p̂ω1−ω2

=
√

v̂2
m1 î

2
m2 + v̂2

m2 î
2
m1 − 2v̂m1 v̂m2 îm1 îm2 cos(ϕ − θ)/6

δ = atan(v̂m1 îm2 sin ϕ/(v̂m1 îm2 cos ϕ − v̂m2 îm1)). (13)

According to (14), when output frequency ω2 gets close to
the input frequency ω1 , the low-frequency power component at
ω1 − ω2 , shown in (12), will cause large branch energy fluctu-
ation

|Δeω
bi |max = max

(∫
pbi |ω ∂t

)
− min

(∫
pbi |ω ∂t

)
= 2p̂ω /ω.

(14)
When ω1 is equal to ω2 , the low-frequency branch power

components at ω1 − ω2 become nonzero constant so the capaci-
tor voltages will diverge. As a result, when operates M3C around
equal input and output frequencies, applying the basic branch
current allocation makes the branch energy unstable. Therefore,
the branch currents need to be reallocated.

III. BRANCH ENERGY EQUILIBRIUM POINT OF M3C WHEN

OPERATING AROUND EQUAL FREQUENCY

A. Phasor Domain Analysis of the M3C

As explained in Section II, when the M3C operates with
similar input and output frequencies, the basic branch current
allocation is not the branch energy equilibrium point. In this
section, an adjusted branch current allocation is developed to
reestablish the branch energy equilibrium point. The analysis is
performed in the phasor domain instead of time-domain. This
assists in the visualization of the analysis of branch energy
balancing. Rewriting the definitions of (8) to (10) in the phasor
domain using the complex phasors given in (15)–(18). Phasors
of ac grid voltages are as follows


vGu = v̂m1 , 
vGv = v̂m1 · ej ·α 
vGw = v̂m1 · ej ·(−α)

α = −2π/3. (15)

Here, the real axis is in the same direction of phasor 
vGu and
the imaginary axis is 90° ahead of the real axis. The phasors of
input voltages and currents


vu = v̂′
m1 · ej ·γ1 
vv = v̂′

m1 · ej ·(α+γ1 )
vw = v̂′
m1 · ej ·(−α+γ1 )

(16)


iu = îm1 
iv = îm1 · ej ·α 
iw = îm1 · ej ·(−α) . (17)
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Fig. 3. Phasor diagram for the M3C. (a) Branches 1, 5, 9. (b) Phasors in a
given branch.

Taking phase r as an example, phasors of output voltages and
currents


vr = v̂m2 · ej ·((ω2 −ω1)t+θ+γ1) 
ir = îm2 · ej ·((ω2 −ω1)t+θ−ϕ+γ1) .
(18)

In this paper, nine branches are symmetrically separated into
three groups as Branches 1, 5, 9, Branches 2, 6, 7, and Branches
3, 4, 8. Taking Branches 1, 5, 9 as an example, the phasor
diagram is shown in Fig. 3(a). In Fig. 3(a), the real axis and
imaginary axis are denoted as “R” and “I,” respectively. The ac
grid voltages, input side voltages, and currents in (15) to (17)
are shown in red; output side voltages, and currents in (18) are
shown in green.

The phasors of the ac inductor voltages are defined as


vLs u = jω1Lsîm1 
vLs v = jω1Lsîm1e
jα


vLs w = jω1Lsîm1e
−jα . (19)

[vxy b ]vec is the vector of branch voltages, [vb ]vec is the
vector of the nine cascaded full-bridge output voltages, and
[vLb ]vec is the vector of the nine branch inductor voltages

[vxy b ]vec

= [
vur b 
vus b 
vut b 
vvr b 
vvs b 
vvt b 
vwr b 
vws b 
vwt b ]T


vxy b = 
vx − 
vy x = u, v, w y = r, s, t (20)

[vb ]vec =
[

vb1 
vb2 
vb3 
vb4 
vb5 
vb6 
vb7 
vb8 
vb9

]T
(21)

[vLb]vec =
[

vLb1 
vLb2 
vLb3 
vLb4 
vLb5 
vLb6 
vLb7 
vLb8 
vLb9

]T
.

(22)

The definition of phasors in [vxy b ]vec , [vb ]vec , and
[vLb ]vec is shown in Fig 3.(b). The three vectors satisfy

[vxy b ]vec = [vb ]vec+[vLb ]vec . (23)

[et ]vec is the vector of unit phasors on branch voltage di-
rections. [en ]vec is the vector of unit phasors perpendicular to

[et ]vec and it lags behind [et ]vec 90°

[et ]vec = [k] [vxy b ]vec [k] =

⎡
⎢⎢⎢⎣

k1
k2

. . .
k9

⎤
⎥⎥⎥⎦ ki =

1
|
vxy b |

(24)

[en ]vec = −j[et ]vec [en ]vec = [
en1 
en2 . . . 
en9]T 
eni = ejσb i.
(25)

According to (20), [en ]vec can be separated into three groups
and in each groups the phasors satisfy (26) to (28). In Fig. 3(a),
phasors 
eni are shown in blue

[en1,5,9 ]vec =
[

en1 
en5 
en9

]
=

[
1 ejα ej2α

] · 
en1 (26)

[en2,6,7 ]vec =
[

en2 
en6 
en7

]
=

[
1 ejα ej2α

] · 
en2 (27)

[en3,4,8 ]vec =
[

en3 
en4 
en8

]
=

[
1 ejα ej2α

] · 
en3 . (28)

Similar to the idea in [25], to stabilize the branch energy in
each branch the cascaded full-bridge output voltage 
vbi needs to
be perpendicular to the branch current
ibi (
ibi⊥
vbi). Obviously,
on each branch, the branch inductor voltage 
vLbi is perpen-
dicular to branch current 
ibi (
ibi⊥
vLbi). According to (23), to
stabilize the branch energy the branch current 
ibi should be
perpendicular to the branch voltage 
vxy b


ibi⊥
vxy b (x = u, v, w y = r, s, t i = 1, 2, . . . , 9).
(29)

Combined with (24), (25), and (29), the branch currents
should satisfy (30), where ci ∈ � i = 1, 2, . . . , 9. In each
branch, the phasor 
ibi needs to be in the same or opposite di-
rection of 
eni . In matrix [C], c1 to c9 are the magnitude of nine
branch currents. When ci > 0,
ibi is in the same direction of 
eni

and when ci < 0,
ibi is in the opposite direction of 
eni .

[ib ]vec = [C] [en ]vec [ib ]vec = [
ib1 . . . 
ib9 ]T

[C] =

⎡
⎢⎣

c1
. . .

c9

⎤
⎥⎦ . (30)

Rewrite the definition of basic branch currents shown in (7)
in phasor domain


ib0,i = (1/3) ·
ix + (1/3) ·
iy i = 1, 2, ..9 x = u, v, w

y = r, s, t. (31)

In Fig. 3(a), the phasors of basic branch currents 
ib0,i are
shown in purple. There exist angle differences between the ba-
sic branch current phasors 
ib0,i (i = 1,2, . . . ,9) and 
eni (i =
1,2, . . . ,9). The basic branch currents do not satisfy (30). There-
fore, the basic branch current allocation will make the branch
energy unstable, as predicted in Section II-C.

B. Branch Current Magnitude Calculation

Section II-A provided the method to calculate the phase an-
gles of the adjusted branch currents in phasor domain. This
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section provides a method to calculate the magnitudes of the
nine adjusted branch currents. In the M3C, the branch currents
should satisfy the constraints of (32)–(34) at the input side


iu =
ib1 +
ib2 +
ib3 = c1 · 
en1 + c2 · 
en2 + c3 · 
en3 (32)


iv =
ib4 +
ib5 +
ib6 = c4 · 
en4 + c5 · 
en5 + c6 · 
en6 (33)


iw =
ib7 +
ib8 +
ib9 = c7 · 
en7 + c8 · 
en8 + c9 · 
en9 . (34)

Multiplying (33) by ej ·2α and (34) by ej ·α


iu =
iv · ej ·2α = c4 · 
en3 + c5 · 
en1 + c6 · 
en2 (35)


iu =
iw · ej ·α = c7 · 
en2 + c8 · 
en3 + c9 · 
en1 . (36)

The current constraints (32)–(34) at the input side are equiva-
lent to (32), (35), and (36). It can be proved that the magnitudes
of branch currents ci (i = 1, 2, . . . , 9) satisfy

c1 = c5 = c9 c2 = c6 = c7 c3 = c4 = c8 . (37)

As a result, the branch current constraints at input side can be
represented by a single constraint in (32). Similarly, the branch
current constraints at the output side can be simplified as


ir =
ib1 +
ib4 +
ib7 = c1 · 
en1 + c2 · ej2α · 
en2 + c3 · ejα · 
en3 .
(38)

According to (32) and (38), the magnitudes of branch currents
satisfy (39)–(41). The operator “Imag()” denotes the imaginary
component of a phasor and the operator “Real()” denotes the
real component of a phasor.

Imag(c1 · 
en1 + c2 · 
en2 + c3 · 
en3) = Imag(
iu ) = 0 (39)

Imag(c1 · 
en1 + c2 · ej2α · 
en2 + c3 · ejα · 
en3) = Imag(
ir )
(40)

Real(c1 · 
en1 + c2 · ej2α · 
en2 + c3 · ejα · 
en3) = Real(
ir ).
(41)

As the real axis is on the same direction of phasor 
vGu ,
the constraint in (39) ensures that there is no reactive power
applied at the ac grid. Equations (40) and (41) ensure the current
constraints at the output side. According to (39) to (41), the
magnitudes of the branch currents can be calculated by solving
the linear equations as

[A]
[
c1 c2 c3

]T = [B] (42)

where

[A] =

⎡
⎣

sin σb1 sin σb2 sin σb3
sin σb1 sin(σb2 + 2α) sin(σb3 + α)
cos σb1 cos(σb2 + 2α) cos(σb3 + α)

⎤
⎦ (43)

[B] =
[
0 îm2 · sin(θ − ϕ + γ1) îm2 · cos(θ − ϕ + γ1)

]T
.

(44)

With the calculated values of c1 , c2 , and c3 , the magnitude
of the input currents (̂im1) can be calculated by (32). Assuming
[c∗1 c∗2 c∗3 ]

T is a possible solution of (42), combined with (30)

and (37) the reallocated branch currents should be

[ib ]∗vec = [C]∗[en ]vec [C]∗ =

⎡
⎢⎣

c∗1
. . .

c∗9

⎤
⎥⎦,

⎛
⎝

c∗1 = c∗5 = c∗9
c∗2 = c∗6 = c∗7
c∗3 = c∗4 = c∗8

⎞
⎠.

(45)
In this paper the reallocated branch currents [ib ]vec = [ib ]∗vec

are called the branch energy equilibrium point of M3C when
operates with similar input and output frequencies.

C. Discussion on the Control Availability

As explained in Section I, the consideration in this paper
is to equalize the energy of the nine branches by using only
circulating currents in the M3C. According to the definition
in (15) and (17), there is no reactive power at the input side.
In Fig. 3(a), as the neutral point of the two three-phase systems
(N1 and N2) are overlapped, there is also no common mode
voltage injected. According to the analysis in Section III-B, if
the matrix [A] is invertible, then the linear equation in (42) is
solvable and the reallocated branch currents can be calculated.
Defining the modulation rate m in (46), the determinant of the
matrix [A] satisfies (47).

m = v̂m2/v̂′
m1 ≥ 0 (46)

det([A])= 3
√

3(1− m2)cosγ1/2/
√

m2− 2 cos θ′m + 1/ . . .
√

m2 + (cos θ′ +
√

3 sin θ′)m + 1/
√

m2 + (cos θ′ −
√

3 sin θ′)m + 1 (47)

where

θ′ = (ω2−ω1) · t + θ. (48)

If m � 1, according to (47), the determinant of matrix [A]
satisfies “det([A])�0” so the matrix [A] is invertible, then as
explained before the mentioned consideration is applicable and
the magnitudes of the branch currents satisfies

[ c∗1 c∗2 c∗3 ]T = [A]−1 [B] c∗1 = c∗5 = c∗9 c∗2 = c∗6 = c∗7

c∗3 = c∗4 = c∗8 . (49)

If m = 1, the matrix [A] is not invertible. To simplify the
analysis, it is assumed that the input side frequency is equal to
output frequency (ω1 = ω2) and, therefore θ’ in (48) is equal
to θ

a. m = 1 θ = 0 or θ = 2π/3 or θ = –2π/3
In these conditions, the vector of branch voltages [vxy b ]vec

has zero components, so there is no definition of [en ]vec . The
branch currents cannot be calculated using the method explained
in Section III-B. If θ = 0, input voltages and output voltages sat-
isfy
vu = 
vr , 
vv = 
vs, 
vw = 
vt . In this case, the power transfer
from input side to output side can be realized by controlling the
cascaded full-bridges in Branches 1, 5, 9 to output zero voltage
and blocking the cascaded full-bridges in Branches 2, 6, 7 and
Branches 3, 4, 8. Similarly, the control for θ = 2π/3 and θ =
−2π/3 are shown in Table I. However, the load needs to be
purely resistive to ensure no reactive power at the ac grid
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TABLE I
OPERATION METHOD FOR THREE SPECIAL CONDITIONS

m = 1 Branches 1, 5, 9 Branches 2, 6, 7 Branches 3, 4, 8

θ = 0 ∗ Blocked Blocked
θ = 2π /3 Blocked ∗ Blocked
θ = −2π /3 Blocked Blocked ∗

‘∗’: The output voltage of the cascaded full-bridges is zero.

Fig. 4. Phasor diagram on the condition of “γ1 = −ϕ.”

b. m = 1 θ�0, 2π/3, -2π/3
When m = 1, the determinant of matrix [A] equals to zero. The

rank of matrix [A] is smaller than 2 (rank([A]) ≤ 2). Assuming
[A] = [a1 a2 a3 ], where a1 , a2 , and a3 are column blocks of
matrix A. If the linear equation in (42) has a solution, the rank
of matrix [A B] satisfies

rank([A B ]) = rank([A]) ≤ 2 ⇒
⎧
⎨
⎩

det(
[
a1 a2 B

]
) = 0

det(
[
a1 a3 B

]
) = 0

det(
[
a2 a3 B

]
) = 0

.

(50)
Taking matrix [a1 a2 B] as an example, its determinant sat-

isfies (51). It can be proved that the linear equations in (42) has
solutions only if condition (52) is met. Since γ1�0, the power
factor angle at the output side is almost zero (the load is almost
purely resistive). In the condition of (52), the basic branch cur-
rents are one of the solutions for the linear equations in (42).
Taking Branches 1, 5, 9 as an example, the phasor diagram is
shown in Fig. 4. As the basic branch currents are in the same
direction as [en]vec , there is no active power on each branch
and the branch energy is stabilized

det([a1 a2 B]) = −
√

3̂i2m (2 cos(θ − π/3) − 1) sin(γ1 + ϕ)
4
√

1 − cos θ · √1 + cos(θ + π/3)

= 0 (51)

sin(γ1 + ϕ) = 0 ⇒ γ1 = −ϕ. (52)

In conclusion, when magnitudes of input and output voltages
are not the same (m � 1), it is possible to stabilize the branch
energy by using only circulating currents in the M3C. However,
when m = 1, the allocation is only possible when the load
is purely resistive. Otherwise, the common-mode voltage or
reactive power at the ac grid side is required.

D. Adjusted Branch Power

According to the analysis in Section III-C, when the modula-
tion rate m � 1, the matrix [A] is invertible and the solution of
(42) can be calculated as [A]-1[B]. According to (24), (25), and
(30), the branch currents satisfy

[ib ]vec = (−j) · [C] · [k] · [vxy b ]vec . (53)

Taking Branch 1 as an example, the voltage and current pha-
sors in Branch 1 satisfy (54). The branch power on Branch 1 then
satisfies (55), where d = (1 − ω2Lbc1k1) · c1k1/2. Similarly,
all the branch powers can be calculated. Branches “1, 5, 9,” “2,
6, 7,” or “3, 4, 8” share a same branch power respectively (pb1 =
pb5 = pb9 , pb2 = pb6 = pb7 , pb3 = pb4 = pb8) Compared
to the branch power under the basic current allocations in (11)
there is no frequency component ω1-ω2 . As a result, using the
reallocated branch currents can make the branch energy sta-
ble when the M3C is operated with similar input and output
frequencies


vb1 = 
vu − 
vr − jω2Lb

ib1 
ib1 = −j · c1 · k1 · (
vu − 
vr )

(54)

pb1 = vb1ib1 = Real(
vb1) · Real(
ib1) = dv̂′2
m1 sin(2ω1t + 2γ1)

+ . . . dv̂2
m2 sin(2ω2t + 2θ + 2γ1)

− 2dv̂′
m1 v̂m2 sin((ω1 + ω2)t + θ + 2γ1). (55)

IV. BRANCH-BALANCING CONTROL METHOD

A. Branch Current Reallocation Strategy

According to the analysis in Section III, if the voltage mag-
nitude at the input side and output side are not identical, the
reallocated branch currents defined in (45) and (49) can be ap-
plied to suppress the capacitor-voltage fluctuation when output
frequency gets close to the input frequency. In this section,
the theoretical calculation process in the phasor domain ex-
plained in Section III is used as a real-time control method.
The control block is shown in Fig. 5. Generally, there are four
steps to get the reallocated branch currents in the proposed
branch current reallocation method: Step 1. Calculating pha-
sors 
eni(i = 1, 2, . . . , 9); Step 2. Adjusting phase angles of 
eni

according to capacitor voltage differences; Step 3. Calculating
branch current magnitudes ci(i = 1, 2, . . . , 9) by solving linear
equations [A][ c1 c2 c3 ]T = [B]; Step 4. Getting the reallocated
branch currents. These steps are marked in Fig. 5.

In Fig. 5, vuvw
α , vuvw

β are the input side voltage references on
αβ frames and vrst

α , vrst
β are the output side voltage references

on αβ frames. Currents ir , is , it are the measured three-phase
load currents. Using Clarke transformation to get the magnitudes
and angles of phasors 
vu , 
vr , and
ir as “v̂′

m1 , θ1 ,” “v̂m2 , θ2 ,”
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Fig. 5. Proposed branch current reallocation strategy.

Fig. 6. Angle definitions in the proposed control.

and “̂im2 , θ3 .” The angle definitions are shown in Fig. 6. θ0 is
the angle of phasor 
vGu which can be calculated from phase-
locked loops. There exist an angle difference between phasor

vGu and the real-axis R’ shown in Fig. 6. To coincide with the
phasor definitions in Section III, the real axis is moved to the
direction of 
vGu . Subtracted by θ0 , the angle of 
vu , 
vr , and
ir
are denoted as γ1 , γ2 , and γ3 .

According to (24) and (25), phasors 
en1 , 
en2 , and 
en3 can be
calculated by (56). Theoretically the calculated 
en1 , 
en2 , and

en3 are absolutely perpendicular to 
vb1 , 
vb2 , and 
vb3 , so there is
no active power in each branch. However, due to measurement
and small calculation errors, the calculated 
en1 , 
en2 , and 
en3
have angle errors. Since 
en5 to 
en9 are calculated by using

(26)–(28), the angle error has a similar effect on Branches 1,
5, 9, as it does on Branches 2, 6, 7 and on Branches 3, 4, 8.
Denoting Branches “1, 5, 9,” “2, 6, 7,” and ‘3, 4, 8’ as Branch
Groups 1, 2, and 3, the group capacitor voltages are defined in
(57), where uavg

ci (i = 1, . . . , 9) is the average capacitor voltage
in a given branch


en1 = −j

vu − 
vr

|
vu − 
vr | 
en2 = −j

vu − 
vs

|
vu − 
vs | 
en3 = −j

vu − 
vt

|
vu − 
vt |
(56)

ucgp1 =
∑

i=1,5,9

uavg
ci /3 ucgp2 =

∑
i=2,6,7

uavg
ci /3

ucgp3 =
∑

i=3,4,8

uavg
ci /3. (57)

The angle errors of 
en1 , 
en2 , and 
en3 cause an energy dif-
ference among Branch Groups 1, 2, and 3. The phase angles of

en1 , 
en2 , and 
en3 need to be adjusted to regulate the branch
energy. For instance if the group capacitor voltages satisfy
ucgp1 < Uc∗, ucgp2 > Uc∗, ucgp3 > Uc∗ (Uc∗ is the reference
capacitor voltage) and the calculated branch current magnitudes
satisfy c1 > 0, c2 > 0, c3 < 0, the regulation process is shown
in Fig. 7. In Branch Group 1, because ucgp1 < Uc∗, an extra
positive active power need to be supplemented, so the phasor
of the branch reference current needs to be moved closer to
the phasor of the branch voltage with an angle of �α1 . Since
c1 > 0, the adjusted 
e adj

n1 is shown in Fig. 7(a). In Branch Group
2, because ucgp2 > Uc∗, an extra negative active power need to
be supplemented, so the branch reference current needs to be
moved away from branch voltage with an angle of �α2 . Since
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Fig. 7. Slight adjustments of 
en 1 , 
en 2 , and 
en 3 . (a) Branch Group 1.
(b) Branch Group 2. (c) Branch Group 3.

c2 > 0, the adjusted 
e adj
n2 is shown in Fig. 7(b). In Branch Group

3, because ucgp3 > Uc∗, an extra negative active power need to
be supplemented, so the branch reference current needs to be
moved away from branch voltage with an angle of �α3 . Since
c3 < 0, the adjusted 
e adj

n3 is in the opposite direction of the
branch current shown in Fig. 7(c). The angle of �α1 , �α2, and
�α3 can be calculated by proportional-integral (PI) controller
shown in dashed line box in Fig. 5.

With the adjusted 
e adj
n1 , 
e adj

n2 , and 
e adj
n3 , the matrix [A] is

calculated according to (43). Matrix [B] can be calcu-
lated according to (44). Branch currents magnitude c1 , c2 ,
and c3 are calculated by [A]-1[B]. The three groups of
[en1,5,9 ]vec , [en2,6,7 ]vec , and [en3,4,8 ]vec are calculated ac-
cording to (26) to (28). The nine branch currents satisfy

⎧
⎪⎪⎨
⎪⎪⎩

[iref
b159 ]vec =

[

i ref

b1

i ref

b5

i ref

b9

]T
= c1 [en1,5,9 ]vece

jθ0

[iref
b267 ]vec =

[

i ref

b2

i ref

b6

i ref

b7

]T
= c2 [en2,6,7 ]vece

jθ0

[iref
b348 ]vec =

[

i ref

b3

i ref

b4

i ref

b8

]T
= c3 [en3,4,8 ]vece

jθ0

.

(58)
However, a direct application of these currents will possibly

influence input and output side three-phase currents. To avoid
this effect, in Fig. 5 a Dual-αβ transformation is performed and
branch current references are applied as circulating currents.
Because of the decoupling of the Dual-αβ transformation, the
effect on input and output side three-phase currents can then
be eliminated. The introduction of the Dual-αβ transformation
might affect the capacitor voltage balancing but since the phase
angle adjustment is very small as shown in Fig. 7, these effects
can be neglected in practice. The input side current magnitude
îm1 can be calculated using (59). It is also the d-axis current
reference value for the grid side control under d-q frame. The in-
stantaneous voltage drop on branch inductors can be calculated
as (60)

ical
d = îm1 = Real(c1 · 
e adj

n1 + c2 · 
e adj
n2 + c3 · 
e adj

n3 ) (59)

[vLb ] =

⎡
⎣

vLb1 vLb2 vLb3
vLb4 vLb5 vLb6
vLb7 vLb8 vLb9

⎤
⎦= Real

⎛
⎝jωLb

⎡
⎣

i ref

b1

i ref

b2

i ref

b3

i ref

b4

i ref

b5

i ref

b6

i ref

b7

i ref

b8

i ref

b9

⎤
⎦
⎞
⎠.

(60)

Fig. 8. Overall control strategy for the M3C.

B. Overall Control Strategy for the M3C

For the M3C topology the capacitor-voltage balancing control
consists of three levels [5]:

1) overall-balancing control regulates the average value of
all capacitor voltages to the voltage command;

2) branch-balancing control regulates the average value of
capacitor voltages among the nine branches;

3) individual-balancing control regulates the value of capac-
itor voltages of different full-bridge converter cells in each
branch.

Correspondingly, the overall control strategy for the M3C
consists of four modules, grid-side control, load-side control,
branch-balancing control, and individual-balancing control. The
overall control block is shown in Fig. 8.

The grid-side control realizes the overall-balancing control.
It adjusts the active power on the input side to regulate the to-
tal energy stored in all nine branches and ensure unity power
factor at ac grid. In this paper, a traditional d-q frame-based grid-
connect control method is applied [26]. The current reference
value in q-axis is set to be zero. The branch current reallocation
strategy, as explained in Section IV-A, provides a calculated
current reference value on d-axis (ical

d ) in (59). To avoid the
effects of calculation or measurement errors, the reference val-
ues are adjusted by a PI regulator. The PI regulator adjusts i ref

d

from ical
d according to the total capacitor voltage deviation. As

shown in Fig. 8, ucavg is the average capacitor voltage of all
the full-bridge cells in the M3C. The grid-side control finally
provides the M3C input side voltage references vuvw

α and vuvw
β .

The load-side control realizes the regulation of machine speed,
torque or so on. The load-side control provides the M3C output
side voltage references vrst

α and vrst
β .

In Fig. 8, the branch-balancing control regulates the average
capacitor voltages among the nine branches by the reallocation
of the branch currents. The branch current reallocation strat-
egy, explained in Section IV-A, provides the calculated branch
inductor voltages [vLb ] and the reference circulating currents
i ref
αα , i ref

αβ , i ref
βα , i ref

ββ . Applying a double αβ transformation
on [vLb ], the transformed branch inductor voltages are shown
in (61). To realize accurate control of the four circulating cur-
rents, according to the equivalent circuits shown in Fig. 2, the
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Fig. 9. Inner circulating current control.

branch inductor voltages vLb
αα , vLb

αβ , vLb
βα , vLb

ββ need to be regu-
lated. The regulation, as shown in Fig. 9, is realized using pro-
portional regulators according to the error between the measured
(imes

αα , imes
αβ , imes

βα , imes
β ) and the reference circulating current

values (i ref
αα , i ref

αβ , i ref
βα , i ref

ββ )

TDual−αβ ([vLb ]) =

⎡
⎣

vαα
Lb vαβ

Lb vα0
Lb

vβα
Lb vββ

Lb vβ0
Lb

v0α
Lb v0β

Lb v00
Lb

⎤
⎦ . (61)

In Fig. 8, [vxy b ]D−αβ defined in (5) is the matrix of branch
voltages in double αβ frames. In [vxy b ]D−αβ, the common
mode voltage vcom is set to be zero. As a result, the output
voltage references of the nine cascaded full-bridges are equal to
the difference between branch voltages and the branch inductor
voltages as in (62). The individual-balancing control and the
modulations on converter cells are then performed based on
these voltage references

[vb
ref ] = [vxy b ]D−αβ−[vLb ]D−αβ

=

⎡
⎣

0 0 vuvw
α

0 0 vuvw
β

−vrst
α −vrst

β 0

⎤
⎦−

⎛
⎝

⎡
⎣
vαα

Lb vαβ
Lb vα0

Lb

vβα
Lb vββ

Lb vβ0
Lb

v0α
Lb v0β

Lb v00
Lb

⎤
⎦

+

⎡
⎣

Δvαα Δvαβ 0
Δvβα Δvββ 0

0 0 0

⎤
⎦

⎞
⎠ . (62)

Individual-balancing control balances the value of capaci-
tor voltages of different full-bridge cells in each branch. This
can be achieved by many well-constructed methods like capac-
itor voltage sorting based on phase-disposition carrier pulse-
width modulation (PD-PWM) [8] or reference voltage adjust-
ment for each full-bridge based on phase-shift carrier PWM
(PS-PWM) [27].

C. Control Limitation Considering the Increased Current
Stress

Under the basic branch current allocation, each branch con-
sists of 1/3 of the x-phase (x = u,v,w) input side current and 1/3
of the y-phase (y = r,s,t) output side current. In this condition,

Fig. 10. Current stresses on Branches 1, 5, 9 when m = 0.75. (a) Using the
proposed control method. (b) Using the control scheme in [4].

the maximum branch current stress IMAX satisfies

IMAX = (̂im1 + îm2)/3. (63)

Neglecting the effect of the ac inductor Ls , based on the anal-
ysis in Section II, taking Branch 1 as an example, the calculated
branch current magnitudes are

c1 = (2 cos ϕ · sin(θ) · m2 + sinϕ · m + 2 sin(ϕ − θ)) · . . .
√

m2 − 2 cos(θ) · m + 1 · î2m /3/(1 − m2). (64)

Defining the nine branch current stresses as îbmi (i =
1,2, . . . ,9) in (65), where “Abs” is the absolute value function.
For a fixed modulation rate m and a fixed load current mag-
nitude îm2 , the branch current stresses are functions of angle
difference θ and load power factor angle ϕ. Fig. 10 (a) illus-
trates the current stresses on Branches 1, 5, 9 when modulation
rate and load current magnitude are set as 0.75 and 1. Clearly,
the larger the reactive power is at the output side, the larger the
possible maximum current stress is on the branch (shown in red
star)

îbm1,5,9 = Abs(c1) îbm2,6,7 = Abs(c2) îbm3,4,8 = Abs(c3).
(65)

The control scheme in [4] injects circulating currents on the
condition that the input and output side three-phase systems
share an opposite value of reactive power. Using the proposed
method in this paper, we can also get the branch current allo-
cation under this condition. According to (39), we only need
to change the first element in vector [B] from 0 to “̂im1 sin ϕ”
since the imaginary part of 
iu has changed. The vector [B] in
(44) changes to

[B] = [ îm1 sin ϕ îm2 sin(θ − ϕ + γ1) îm2 cos(θ − ϕ + γ1) ]T .
(66)

Neglecting ac inductor Ls , by solving the linear equation in
(42), the branch current magnitude on branch 1, 5, 9 is

c1
′ =

√
m2 − 2 cos(θ) · m + 1 · 2 sin(ϕ − θ) · î2m /3. (67)

Obviously, the value of (64) and (67) is the same when the load
is pure resistive ( ϕ= 0). Fig. 10 gives the numerical comparison
between the proposed control and the control scheme in [4] in
terms branch current stresses. In Fig. 10, at the extreme condition
( ϕ= 90°) the branch current stress is 30% higher than the branch
stress in [4] but the benefit is that there is no reactive power at
the grid side. In addition, it is convenient to set an adjustment
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Fig. 11. M3C Experiment Platform. (a) M3C main circuit. (b) Central
ciontroller. (c) R–L load.

Fig. 12. Control system of the prototype.

factor ξ at the first element of vector [B] as

[B] =
[
ξ · îm1 sin ϕîm2 sin(θ − ϕ + γ1 )̂im2 cos(θ − ϕ + γ1)

]T

.

(68)

Future researches will focus on the adjustment of ξ to get an
optimized compromise between the reactive power at the grid
side and the limitation of branch current stresses.

V. EXPERIMENT RESULTS

A. System Configuration and Capacitor Voltage Balancing
Verification

A low-power M3C prototype is build up to validate the pro-
posed analysis and control strategy. The research in this paper
focuses on the branch-balancing control of the M3C. Therefore,
to simplify the platform and control, the individual-balancing
control is simplified by using only one full-bridge cell in each
branch. The experiment platform is shown in Fig. 11. Fig. 12
shows the control system of the prototype. It consists of a central
controller and nine full-bridge cells. The central controller uses
a 32-b floating-point digital signal processor TMS320F28377
and a field-programmable gate array. Each full-bridge cell has
a cell controller based on a complex programmable logic de-
vice. Central controller and cell controllers are connected in an

TABLE II
EXPERIMENT PARAMETERS

Parameters Symbols Value

Switching Frequency fs 2 kHz
Full-bridge cells per branch N 1
Module Capacitance C 880 uF
Branch inductance Lb 2 mH
AC grid inductance Ls 5 mH
Capacitor Voltage UC ∗ 150 V
Input frequency f1 50 Hz
Input Voltage Magnitude v̂m 1 80 V
Output Voltage Magnitude v̂m 2 60 V
Load Resistance R 5 Ω
Load Reluctance L 0 or 10 mH

Fig. 13. Capacitor voltages balancing with R = 5 Ω and L = 0, θ = 120°.
(a) Capacitor voltages. (b) Branch currents. (c) Zoomed-in capacitor voltages.
(d) Zoomed-in branch currents.

Fig. 14. Capacitor voltages balancing with R = 5 Ω and L = 0, θ = 120°.
(a) Output line-to-line voltages. (b) Output currents. (c) AC grid phase-to-neutral
voltages. (d) Input currents.

optical ring network. PWM signals and capacitor voltages are
transmitted through this network.

Table II summarizes the circuit parameters used for the ex-
periment. The reference voltage of each module capacitor is set
as UC

∗ = 150 V.
Figs. 13 and 14 show the experimental results of the prototype

with output fundamental frequency f2 = 50 Hz, load resistance
R = 5 Ω, and load reluctance L = 0, θ = 120°. Fig. 13(a) and (b)
shows the capacitor voltages and branch currents of Branchs 1, 2,
and 3. Before time t1 , the proposed branch-balancing method is
applied. Capacitor voltages coincide to each other and fluctuate
around 150 V. At time t1 , the basic branch current allocation
is applied instead. The capacitor voltages become unbalanced
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Fig. 15. Capacitor voltages balancing with R = 5 Ω and L = 10 mH, θ = 150°.
(a) Capacitor voltages. (b) Branch currents. (c) Zoomed-in capacitor voltages.
(d) Zoomed-in branch currents.

Fig. 16. Capacitor voltages balancing with R = 5 Ω and L = 10 mH, θ =
150°. (a) Output line-to-line voltages. (b) Output currents. (c) AC grid phase-
to-neutral voltages. (d) Input currents.

quickly. This consists with the analysis before. At time t2 , the
proposed control is applied again and the capacitor voltages
become balanced again. Fig. 13(c) and (d) are the zoom-in
results of Fig. 13(a) and (b) in steady state. It can be seen that
the capacitor voltages are stabilized and balanced very well. In
addition, there is a number of harmonics in ib1 , ib2 , and ib3 . It
is because 
eni(i = 1, 2, 3) need to be adjusted according to the
branch energy differences as shown in Fig. 7. These adjustments
will make the direction of 
eni(i = 1, 2, 3) changes and result in
some harmonics in branch currents.

Fig. 14 shows the output line-to-line voltages vrs , vst , vtr ,
output currents ir , is , it , ac grid voltages vGu , vGv , vGw , and
input currents iu , iv , iw . As the ac grid voltages are in phase
with the input currents, there is no reactive power applied at the
ac grid.

A similar verification is also applied for an inductive load. The
output fundamental frequency f2 = 50 Hz and load resistance
R = 5 Ω, load reluctance L = 10 mH, θ = 150°. In Fig. 15, at
time t1 , the proposed control method is replaced with the basic
branch current allocation and at time t2 , the proposed control is
restored. These results verify the effectiveness of the proposed
balancing control and Fig. 16 shows that there is no reactive
power at the ac grid side of the converter.

B. Branch Current Stresses Verification

As explained in Section IV-C, branch current stresses can
be calculated according to (64). Fig. 17 shows the comparisons

Fig. 17. Branch current stresses verification. (a) With R = 5 Ω and L = 0.
(b) With R = 5 Ω and L = 10 mH.

Fig. 18. Capacitor voltages and branch currents with R = 5 Ω and L = 0.
(a) Capacitor voltages when θ = 150°. (b) Branch currents when θ = 150°.
(c) Capacitor voltages when θ = 180°. (d) Branch currents when θ = 180°.

between the calculated and experimental results. The output
fundamental frequency is set as f2 = 50 Hz. In Fig. 17(a) and
(b), the loads are R = 5 Ω L = 0 and R = 5Ω L = 10 mH,
respectively. The solid lines are the calculated branch current
stresses of Branchs 1, 2, and 3. The experiments are performed
every 30° on horizontal axis. Experimental results are marked as
“∗.” It can be seen that in Fig. 17(a) and (b), the branch current
experimental results correspond to the calculated results well.
Meanwhile, the dashed line in Fig. 17 is the maximum branch
current stress under basic branch current allocation, which is
calculated according to (63). Because of the increased reactive
power at the output side, the branch current stresses increase
more in Fig. 17(b) than in Fig. 17(a).

With load R = 5 Ω and L = 0, take θ = 120, 150, and 180 for
example, the capacitor voltages and branch currents are shown
in Fig. 13(c), (d) and Fig. 18(a)–(d). With load R = 5 Ω and L =
10 mH, take θ = 120, 150, and 180 for example, the capacitor
voltages and branch currents are shown in Figs. 19(a), (b), 15(c),
(d), and 19(c),(d).

C. Near Equal-Frequency Verification

The results above validate the theoretical analysis and the
effectiveness of the proposed control method under equal fre-
quency operation (f1 = f2 = 50Hz). Fig. 20 shows the results
when there is a small difference between the input and output
frequencies. The output fundamental frequency, here, is set as
f2 = 49.5Hz. In Fig. 20(a) and (b), the load is R = 5 Ω L
= 0. Before time t1 , the proposed branch-balancing method is
applied. Capacitor voltages fluctuate around 150 V with a fluc-
tuation of ±10 V. At time t1 , the basic branch current allocation
is applied instead. The magnitudes of the capacitor voltages
fluctuation increase immediately. The voltage fluctuations in-
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Fig. 19. Capacitor voltages and branch currents with R = 5 Ω and L = 10 mH.
(a) Capacitor voltages when θ = 120°. (b) Branch currents when θ = 120°.
(c) Capacitor voltages when θ = 180°. (d) Branch currents when θ = 180°.

Fig. 20. Capacitor voltages and branch currents when the output frequency is
49.5 Hz. (a) Capacitor voltages with R = 5 Ω and L = 0. (b) Branch currents
with R = 5 Ω and L = 0. (c) Capacitor voltages with R = 5 Ω and L = 10 mH
(d) Branch currents with R = 5 Ω and L = 10 mH.

Fig. 21. Capacitor voltages balancing with R = 5 Ω and L = 0, f2 = 49.5 Hz.
(a) Output line-to-line voltages. (b) Output currents. (c) AC grid phase-to-neutral
voltages. (d) Input currents.

crease to +60 and –50 V. This consists with the branch power
analysis. At time t2 , the proposed control is applied again and
the capacitor voltages become effectively suppressed again. In
Fig. 20(c) and (d), the similar experiment is performed when the
load is R = 5 Ω L = 10 mH. In Fig. 20(c) and (d), before time
t1 , the proposed branch-balancing method is applied. Capacitor
voltages fluctuate around 150 V with a fluctuation of ±10 V. At
time t1 , the basic branch current allocation is applied instead.
The magnitudes of the capacitor voltages fluctuation increase

Fig. 22. Capacitor voltages balancing with R = 5 Ω and L = 10 mH, f2
= 49.5 Hz. (a) Output line-to-line voltages. (b) Output currents. (c) AC grid
phase-to-neutral voltages. (d) Input currents.

immediately. At time t2 , the proposed control is applied again
and the capacitor voltages become effectively suppressed again.

Figs. 21 and 22 show the three-phase voltages and currents.
As the ac grid voltages are in phase with the input currents, there
is no reactive power applied at the ac grid.

VI. CONCLUSION

In the M3C there are typically 3 DOF to solve the problem of
close input and output frequency operation: reactive power at in-
put side, common-mode voltage, and inner circulating currents.
This paper discussed the possibility of using only the inner cir-
culating currents to make M3C applicable for equal-frequency
operation.

In order to confirm this consideration, a theoretical analysis
was first presented in the phasor domain to develop an adjusted
branch current allocation to stabilize the branch energy, which
proved the consideration is available when the magnitudes of the
input and output voltages are not similar. The branch power fluc-
tuations were suppressed effectively with the application of the
reallocated branch currents. Meanwhile when the input and out-
put voltage share a similar magnitude, the consideration is only
possible with a purely resistive load. Therefore, a branch energy
balancing control method based on branch current reallocation
in phasor domain was proposed. Experimental results validated
the theoretical analysis and proved that the low frequency ca-
pacitor voltage fluctuations can be effectively suppressed with
the proposed control method while keeping unity power factor
at the ac grid side and without using common-mode voltage.
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