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Abstract—The modular multilevel matrix converter (M3C) is a
potential frequency converter for low-frequency AC transmission.
However, capacitor voltage control of high-voltage and large-
capacity M3C is more difficult, especially for voltage balancing
between branches. To solve this problem, this paper defines se-
quence circulating components and theoretically analyzes the in-
fluence mechanism of different sequence circulating components
on branch capacitor voltage. A fully decoupled branch energy
balancing control method based on four groups of sequence
circulating components is proposed. This method can control
capacitor voltages of nine branches in horizontal, vertical and
diagonal directions. Considering influences of both circulating
current and voltage, a cross decoupled control is designed to
improve control precision. Simulation results are taken from a
low-frequency transmission system based on PSCAD/EMTDC,
and effectiveness and precision of the proposed branch energy
balancing control method are verified in the case of nonuniform
parameters and an unbalanced power system.

Index Terms—Branch energy balancing control, decoupled
control, low-frequency AC transmission, modular multilevel
matrix converter (M3C), sequence circulating components.

NOMENCLATURE

ua, ub, uc Grid side voltages.
ia, ib, ic Grid side currents.
uu, uv, uw Low frequency side voltages.
iu, iv, iw Low frequency side currents.
ixy , uxy
(x = a, b, c;
y = u, v, w)

Branch currents and voltages.

L Branch inductance.

Manuscript received February 23, 2023, revised July 31, 2023, accepted
November 14, 2023. Date of online publication December 28, 2023; date of
current version January 2, 2024. This work is supported by National Key
R&D Program of China (No. 2021YFB2401100).

Z. X. Zhao and H. Bin (corresponding author, email: hanbin@epri.sgcc.
com.cn) are with China Electric Power Research Institute, Beijing 100192,
China.

W. J. Chen is with State Grid Corporation of China, Beijing 100031, China.
Z. C. Yang is with State Grid Smart Grid Research Institute, Beijing 102209,

China.
G. L. Zhao and Y. F. Xu are with the State Key Laboratory of Advanced

Power Transmission Technology, Global Energy Interconnection Research
Institute, Beijing 102211, China.

N. W. Xiang and S. L. Wang are with Hefei University of Technology,
Hefei 230009, China.

DOI: 10.17775/CSEEJPES.2023.01280

uon Voltage difference between neutral point
O and N.

uCxy Average capacitor voltage of branch xy.
n Module number of a branch.
C Module capacitance.
UC Average value of all the capacitance volt-

age.
pxy Instantaneous power of branch xy.
ixycir Circulating current of branch xy.
uxycir Circulating voltage of branch xy.
Uscirp, Uscirn

Iscirp, Iscirn
Amplitude of positive-sequence and
negative-sequence circulating voltage and
current of low frequency.

ϕscirp, ϕscirn Phase angle of positive-sequence and
negative-sequence circulating voltage of
low frequency.

ωs Angular frequency of low frequency.
Umcirp, Umcirn

Imcirp, Imcirn

Amplitude of positive-sequence and
negative-sequence circulating voltage and
current of grid side frequency.

ϕmcirp, ϕmcirn Phase angle of positive-sequence and
negative-sequence circulating voltage of
grid side frequency.

ωm Angular frequency of grid side frequency.
Us, Is Amplitude of low frequency side voltage

and current.
ϕs Angle between the voltage and current of

low frequency side.
Um, Im Amplitude of grid side voltage and cur-

rent.
ϕm Angle between the voltage and current of

grid side.
∆psau, ∆pmau DC components of instantaneous power

which generated by the circulating com-
ponents of low frequency and grid side
frequency.

Uscirp d, Uscirp q

Uscirn d, Uscirn q

Positive-sequence and negative-sequence
circulating voltage components of grid
side frequency in the dq frame.

Umcirp d,
Umcirp q

Umcirn d,
Umcirn q

Positive-sequence and negative-sequence
circulating voltage components of low fre-
quency in the dq frame.
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usd, usq, isq, isq Voltage and current of grid side system in
the dq frame.

umd, umq,
imq, imq

Voltage and current of low frequency side
system in the dq frame.

I. INTRODUCTION

THE low-frequency AC transmission is a promising tech-
nology applicable for offshore wind power transmis-

sion [1]–[3], power grid interconnection [4] and integration
of large scale renewable generation [5]. Low frequency can
increase static stability limit power of transmission system and
permissible current rating of cable [6], and it is easy to change
voltage and break current compared with DC transmission [7].
In addition, the voltage source converter (VSC) provides the
low-frequency AC transmission system with a flexible control
similar to VSC based high voltage direct current transmis-
sion (VSC-HVDC) [8], [9]. These technical characteristics
rely on high-voltage and large-capacity frequency converters
which are core equipment of low-frequency AC transmission
system. As a family member of modular multilevel cascaded
converters (MMCCs), the modular multilevel matrix converter
(M3C) is recognized as preferred choice. M3C converts AC to
AC directly with smaller magnitudes of submodule capacitor
voltage ripple and branch circulating current than back-to-back
modular multilevel converter (MMC) [10]–[13].

M3C contains a large number of capacitors in submodules
of each branch. Maintaining voltage or energy balancing of
these capacitors is the premise for proper and safe operation
of M3C [14]. Energy balancing control of M3C is divided into
three hierarchies: total energy balancing, branch energy bal-
ancing, and submodule energy balancing of each branch [15].
Among them, branch energy balancing control plays an impor-
tant role as the second hierarchy of energy balancing control.
On the basis of total energy balancingall nine branches must
get an equal share of energy in M3C, which allows for further
energy balancing control of each submodule. Branch energy
balancing is affected by operation status on both sides system
and M3C parameters [16]. Therefore, branch energy balancing
control of M3C is the focus and difficulty of research.

To avoid affecting voltage and current of both sides systems
connected with M3C, branch energy balancing is achieved
by circulating currents which remain circulating inside the
M3C. Eight capacitor voltage components corresponding to
branch energy balancing are obtained based on double αβ0
transformation and diagonal transformation in [15]. In or-
der to analyze and control these eight componentsthey are
further divided into horizontal, vertical and diagonal direc-
tions. Branch energy balancing control is also divided into
inner-subconverter and inter-subconverter balancing control
in [17]. As a function of circulating current and common-
mode voltage, branch power is derived in [18]. According to
that, branch capacitor voltages are controlled by circulating
current and common-mode voltage, which includes both input
and output frequency components. However, common-mode
voltage affects the insulation level of M3C and it is not
suitable for high voltage transmission systems. Only circu-
lating current is used for balancing capacitor voltages in [19]

and this method is proven effective in an MW wind energy
transmission system. For higher precision and robustness,
circulating current is transformed to dq-axis dc components
in [20]. On this basis, reference [21] analyzes unbalanced
branch energy caused by negative-sequence component of
grid and proposes a compensation strategy using circulating
current control. A new form of circulating current is presented
to balance energy of inter-subconverter in [22] and energy
balancing of inner-subconverter is not considered. Control
methods in [15]–[22] are based on double αβ0 transformation.
There are also null space vector projection control [23] and
direct arm energy control [24]. These three types of control
methods are implemented, and performances are compared
in [25]. Control methods based on double αβ0 transformation
have good performance in terms of dynamic response, degrees
of freedom and low voltage ride through.

Branch energy balancing control methods mentioned above
only consider power generated by interaction of circulat-
ing current and branch voltage. Circulating voltage between
branches generated at the same time is usually neglected. How-
ever, for large-capacity M3C in low-frequency AC transmis-
sion system, performance of branch energy balancing control
is also influenced by interaction of circulating voltage and
branch current. Furthermore, the above control methods cannot
theoretically provide fully decoupled control to branch energy
balancing, either for three directions of horizontal, vertical and
diagonal or inter-subconverter and inner-subconverter. Branch
energy balancing control of different directions affects each
other and control precision decreases.

To effectively control branch capacitor voltage, this paper
proposes a branch energy balancing control method based on
sequence circulating components. Different types of sequence
circulating components are defined. Considering circulating
current and circulating voltage, the influence mechanism of
different sequence circulating components on branch capacitor
voltage is theoretically analyzed. Control method is designed
accordingly and verified from simulation. The rest of the paper
is organized as follows. Section II presents an overview of
M3C, including basic mathematical model, arm power analy-
sis and basic control structure. Section III defines sequence
circulating components and derives instantaneous power of
each branch considering circulating currents and voltages.
Section IV designs branch energy balancing control method
based on sequence circulating components. Simulation results
are presented to validate effectiveness and precision of this
control method in Section V. Finally, Section VI concludes
this paper.

II. BASIC MODEL AND CONTROL OF M3C

A. Basic Mathematical Model

The circuit configuration of M3C is shown in Fig. 1. Two
three-phase systems of grid side and low frequency side are
connected by nine branches of M3C. Each branch consists of
multiple cascaded H-bridge submodules and a branch inductor
in series. From two different perspectives, M3C can be divided
into three star-figure subconverters a, b, c on the grid side. and
subconverter u, v, w on the low frequency side.
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Fig. 1. Circuit configuration of the M3C.

Based on Kirchhoff’s voltage and current law in Fig. 1, the
mathematical model of M3C can be described as (1):ua ua ua

ub ub ub
uc uc uc

−
uu uv uw
uu uv uw
uu uv uw

 =

uau uav uaw
ubu ubv ubw
ucu ucv ucw


+ L

d

dt

iau iav iaw
ibu ibv ibw
icu icv icw

+ uon

1 1 1
1 1 1
1 1 1

 (1)

The double αβ0 transformation T2αβ0 are defined as (2).

T2αβ0(A3∗3) = Cαβ0A3∗3C
T
αβ0,

Cαβ0 =
2

3

 1 −1/2 −1/2

0
√

3/2 −
√

3/2
1/2 1/2 1/2

 (2)

Applying T2αβ0 to (1), the following equation is derived:0 0 umα
0 0 umβ
0 0 0

−
 0 0 0

0 0 0
usα usβ 0

 =

uαα uαβ uα0
uβα uββ uβ0
u0α v0β u00


+ L

d

dt

 iαα iαβ iα0/3
iβα iββ iβ0/3
i0α/3 i0β/3 0

+

0 0 0
0 0 0
0 0 uon

 (3)

Double αβ0 transformation decouples the grid side and
low frequency side systems. Both sides control strategies are
designed to achieve different control objectives. Internal and
external equations of M3C are also decoupled and circulating
components can be used as control degrees of freedom.

B. Arm Power and Capacitor Voltage

Neglecting power losses of branches and assuming capacitor
voltage is maintained around average value of all capacitance
voltage, module capacitor voltage and power of each branch
are as follow:uCau uCav uCaw

uCbu uCbv uCbw

uCcu uCcv uCcw

 =
1

CUC

∫ pau pav paw
pbu pbv pbw
pcu pcv pcw


+ nUC

1 1 1
1 1 1
1 1 1

 (4)

Applying T2αβ to (4), the following equation is obtained:uCαα uCαβ uCα0
uCβα uCββ uCβ0
uC0α uC0β uC00

 =
1

CUC

∫ pαα pαβ pα0
pβα pββ pβ0
p0α p0β p00


+

0 0 0
0 0 0
0 0 nUC

 (5)

UC is controlled by p00, where p00 represents active power
flowing into or out of the M3C. When p00 is equal to zero,
UC remains at its reference value. p0α and p0β represent
power flowing between three subconverters a, b, c. pα0 and
pβ0 represent power flowing between three subconverters u,
v, w. pαα, pαβ , pβα and pββ represent power flow inside the
subconverter. To ensure proper operation of M3C, all average
capacitor voltages must be kept constant around reference
value. Therefore, eight uCαβ0/αβ0 components except uC00

are controlled to be zero through control of eight pαβ0/αβ0
elements except p00.

C. Basic Control Structure
Based on (2) and (3), overall control structure of the M3C

in low-frequency AC transmission system is shown in Fig. 2.
Grid side and low frequency side control are classical inner
and outer loop control in αβ or dq frame. Grid side outer loop
controls are module capacitor DC voltage control and reactive
power control for total energy balancing and reactive power
to grid side system. When the connected low frequency side
system is a passive system, the low frequency side outer loop
control employs voltage control to provide voltage and phase
support. When the connected low frequency side system is an
active system, the low frequency side outer loop controls are
power controls. Grid side and low frequency side inner loop
control are current controls. As the focus of this paper, branch
energy balancing control superimposes on both sides control
to obtain modulation waveforms for nine branches. Combined
with compensation of submodule energy balancing control,
modulation waveforms for each submodule are obtained.

Grid side control

power/voltage
control

current control

Low frequency side control

power/voltage
control

current control

+
+

+

9

Branch
energy

balancing
control

uxy modulation

Submodule 
energy

balancing 
control 

*∆u
xy

uu,v,w

ua,b,c
u

xycir

*

Fig. 2. Overall control structure of the M3C.

III. SEQUENCE CIRCULATING COMPONENTS AND
BRANCH POWER

A. Constraints of Circulating Components
Circulating components including circulating current and

circulating voltage appear only inside the M3C and have no
influence on both sides system. M3C contains nine circuits
of circulating components in Fig. 3. Based on (3), the nine
circuits of circulating components are decoupled into four
independent circuits based on double αβ0 transformation. It
is shown in Fig. 4.
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Fig. 3. Circuit of circulating components in M3C.
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Fig. 4. Equivalent circuits of circulating components based on double αβ0
transformation.

The circulating components satisfy the corresponding con-
straints:

1) The sum of circulating currents of three branches which
are connected to any phase of both sides system is zero.

iaucir + iavcir + iawcir = 0, iaucir + ibucir + icucir = 0 (6)
ibucir + ibvcir + ibwcir = 0, iavcir + ibvcir + icvcir = 0 (7)
icucir + icvcir + icwcir = 0, iawcir + ibwcir + icwcir = 0 (8)

2) The circulating voltages of branches acts on branch
inductors to form circulating currents. Therefore, circulating
voltage and current of branch xy follows:

uxycir = −L d

dt
ixycir (9)

B. Definition of Sequence Circulating Components
A kind of circulating component usually has four degrees of

freedom. By constraining the form of circulating component,
degrees of freedom can decrease to two. Therefore, four kinds
of circulating components can be used to achieve branch
energy balancing, as well as decoupling control of components
in horizontal, vertical and diagonal directions. Frequency of
circulating components must be the frequency of both sides
of the system. According to constraints of circulating compo-
nents, form of circulating components is designed.

The positive-sequence circulating voltage of low frequency
uscirp is defined as (10), and negative-sequence circulating
voltage of low frequency uscirn is defined as (11).

uscirp =

uscirp1 uscirp2 uscirp3
uscirp2 uscirp3 uscirp1
uscirp3 uscirp1 uscirp2

 or

uscirp1 uscirp2 uscirp3
uscirp3 uscirp1 uscirp2
uscirp2 uscirp3 uscirp1

 (10)

uscirn =

uscirn1 uscirn3 uscirn2
uscirn3 uscirn2 uscirn1
uscirn2 uscirn1 uscirn3

 or

uscirn1 uscirn3 uscirn2
uscirn2 uscirn1 uscirn3
uscirn3 uscirn2 uscirn1

 (11)

uscirp1, uscirp2, uscirp3, uscirn1, uscirn2, uscirn3 are as fol-
lows:

uscirp1 = Uscirp cos(ωst+ ϕscirp)

uscirp2 = Uscirp cos(ωst+ ϕscirp − 2π/3)

uscirp3 = Uscirp cos(ωst+ ϕscirp + 2π/3)

uscirn1 = Uscirn cos(ωst+ ϕscirn)

uscirn2 = Uscirn cos(ωst+ ϕscirn − 2π/3)

uscirn3 = Uscirn cos(ωst+ ϕscirn + 2π/3) (12)

In (10), the three circulating components of each horizontal
direction are in positive-sequence phase, and the three circu-
lating components of each vertical direction are in positive or
negative-sequence phase. In (11), the three circulating com-
ponents of each horizontal direction are in negative-sequence
phase, and the three circulating components of each vertical
direction are in positive or negative-sequence phase.

The positive-sequence circulating voltage of grid side fre-
quency umcirp is defined as (13), and negative-sequence circu-
lating voltage of grid side frequency umcirn is defined as (14).

umcirp =

umcirp1 umcirp2 umcirp3

umcirp2 umcirp3 umcirp1

umcirp3 umcirp1 umcirp2

 or

umcirp1 umcirp3 umcirp2

umcirp2 umcirp1 umcirp3

umcirp3 umcirp2 umcirp1

 (13)

umcirn =

umcirn1 umcirn3 umcirn2

umcirn3 umcirn2 umcirn1

umcirn2 umcirn1 umcirn3

 or

umcirn1 umcirn2 umcirn3

umcirn3 umcirn1 umcirn2

umcirn2 umcirn3 umcirn1

 (14)

umcirp1, umcirp2, umcirp3, umcirn1, umcirn2, umcirn3 are as
follows:

umcirp1 = Umcirp cos(ωmt+ ϕmcirp)

umcirp2 = Umcirp cos(ωmt+ ϕmcirp − 2π/3)

umcirp3 = Umcirp cos(ωmt+ ϕmcirp + 2π/3)

umcirn1 = Umcirn cos(ωmt+ ϕmcirn)

umcirn2 = Umcirn cos(ωmt+ ϕmcirn − 2π/3)

umcirn3 = Umcirn cos(ωmt+ ϕmcirn + 2π/3) (15)

In (13) and (14), the three circulating components of each
vertical direction are in positive and negative-sequence phase,
and the three circulating components of each horizontal di-
rection both have two forms in positive or negative-sequence
phase.
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Each kind of sequence circulating component has two
degrees of freedom: amplitude and phase angle, which can
be further expressed in terms of dq components.

C. Analysis of Branch Power and Sequence Circulating Com-
ponents

Sequence circulating voltage and current in branch interact
with current and voltage of the same frequency to produce
power. Voltages and currents of low frequency side and grid
side are expressed as (16) and (17).uuuv

uw

 = Us

 cosωst
cos(ωst− 2π/3)
cos(ωst+ 2π/3)


iuiv
iw

 = Is

 cos(ωst+ ϕs)
cos(ωst+ ϕs − 2π/3)
cos(ωst+ ϕs + 2π/3)

 (16)

uaub
uc

 = Um

 cosωmt
cos(ωmt− 2π/3)
cos(ωmt+ 2π/3)


iaib
ic

 = Im

 cos(ωmt+ ϕm)
cos(ωmt+ ϕm − 2π/3)
cos(ωmt+ ϕm + 2π/3)

 (17)

Containing circulating components of grid side frequency
and low frequency, voltages and currents of branches are
expressed as (18).{

uxy = ux − uy + uxymcir + uxyscir

ixy = 1
3 ix + 1

3 iy + ixymcir + ixyscir
(18)

Assuming the total energy of M3C keeps balancing, dc
components of instantaneous power of the nine branches are
generated by circulating components which lead to constant
energy transfer. Taking branch au for example, dc component
of instantaneous power includes two parts:

∆psau = UsIscir sinϕscir +
1

3
UscirIs cos(ϕscir − ϕs)

∆pmau = −UmImcir sinϕmcir +
1

3
UmcirIm cos(ϕmcir − ϕm)

(19)

In (19), dc components of instantaneous power generated by
circulating components can be subdivided into two parts. First
part is power generated by interaction of circulating current
and branch voltage. Second part is power generated by inter-
action of circulating voltage and branch current. This second
part should not be neglected, especially under conditions of
large capacity.

When containing positive-sequence circulating components
of low frequency, the following dc components of instanta-
neous power ∆pscirp are derived as (20) after double αβ0
transformation.

∆pscirp = UsIscirp

0 0 sinϕscirp

0 0 − cosϕscirp

0 0 0


+

1

3
IsUscirp

0 0 cos ∆ϕscirp

0 0 sin ∆ϕscirp

0 0 0

 or

UsIscirp

0 0 sinϕscirp

0 0 cosϕscirp

0 0 0


+

1

3
IsUscirp

0 0 cos ∆ϕscirp

0 0 − sin ∆ϕscirp

0 0 0

 (20)

where ∆ϕscirp = ϕscirp − ϕs.
Positive-sequence circulating components of low frequency

only affects pα0, pβ0 of pαβ0/αβ0, that is, it only controls
power flowing between three subconverters u, v, w.

When containing positive-sequence circulating components
of grid side frequency, the following dc components of instan-
taneous power ∆pmcirp are derived as (21) after double αβ0
transformation.

∆pmcirp =

UmImcirp

 0 0 0
0 0 0

− sinϕmcirp cosϕmcirp 0


+

1

3
ImUmcirp

 0 0 0
0 0 0

cos ∆ϕmcirp sin ∆ϕmcirp 0

 or

UmImcirp

 0 0 0
0 0 0

− sinϕmcirp − cosϕmcirp 0


+

1

3
ImUmcirp

 0 0 0
0 0 0

cos ∆ϕmcirp − sin ∆ϕmcirp 0

 (21)

where ∆ϕmcirp = ϕmcirp − ϕm.
Positive-sequence circulating components of grid side fre-

quency only affects p0α, p0β of pαβ0/αβ0, that is, it only
controls power flowing between three subconverters a, b, c.

When containing negative-sequence circulating components
of low frequency, the following dc components of instanta-
neous power ∆pscirn are derived as (22) after double αβ0
transformation.

∆pscirn =

UsIscirn

sinϕscirn − cosϕscirn 0
cosϕscirn sinϕscirn 0

0 0 0


+

1

3
IsUscirn

 cos ∆ϕscirn sin ∆ϕscirn 0
− sin ∆ϕscirn cos ∆ϕscirn 0

0 0 0

 or

UsIscirn

 sinϕscirn − cosϕscirn 0
− cosϕscirn − sinϕscirn 0

0 0 0


+

1

3
IsUscirn

cos ∆ϕscirn sin ∆ϕscirn 0
sin ∆ϕscirn − cos ∆ϕscirn 0

0 0 0

 (22)

where ∆ϕscirn = ϕscirn − ϕs.
Negative-sequence circulating components of low frequency

only affects pαα, pαβ , pβα and pββ of pαβ0/αβ0, that is, it only
controls power flowing inside the subconverter. Moreover, first
form has the same value on pαα, pββ and opposite value on
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pαβ , pβα. The second form has the same value on pαβ , pβα
and opposite value onpαα, pββ .

When containing negative-sequence circulating components
of grid side frequency, the following dc components of instan-
taneous power ∆pmcirn are derived as (23) after double αβ0
transformation.

∆pmcirn =

UmImcirn

− sinϕmcirn − cosϕmcirn 0
cosϕmcirn − sinϕmcirn 0

0 0 0


+

1

3
ImUmcirn

cos ∆ϕmcirn − sin ∆ϕmcirn 0
sin ∆ϕmcirn cos ∆ϕmcirn 0

0 0 0

 or

UmImcirn

− sinϕmcirn cosϕmcirn 0
cosϕmcirn sinϕmcirn 0

0 0 0


+

1

3
ImUmcirn

cos ∆ϕmcirn sin ∆ϕmcirn 0
sin ∆ϕmcirn − cos ∆ϕmcirn 0

0 0 0

 (23)

where ∆ϕmcirn = ϕmcirn − ϕm.
Negative-sequence circulating components of grid side fre-

quency also only affects pαα, pαβ , pβα and pββ of pαβ0/αβ0
and regularity is similar to that of negative-sequence circulat-
ing components of low frequency.

(20)–(23) above shows the relationship between branch
power and each sequence circulating components. Substituting
for power expressions in (20)–(23) into (5), function of module
capacitor voltage and each sequence circulating components is
established. Different sequence circulating components affect
different branch power components and control the corre-
sponding module capacitor voltage components.

IV. PROPOSED CONTROL METHOD

For branch energy balancing, eight uCαβ0/αβ0 elements
except uc00 must all be controlled to zero as shown in (5).
These eight elements are independent of each other and require
eight control degrees of freedom. Constrained by the form
of sequence circulating components, a kind of circulating
components theoretically has two control degrees of freedom.
Therefore, four kinds of circulating components are needed to
control the eight uCαβ0/αβ0 elements except u00.

To control uCα0 and uCβ0, it is necessary to contain
positive-sequence circulating components of low frequency in
branches. Taking the first form as an example, the pα0 and pβ0
are represented as (24) based on (9) and (20) with circulating
components transformed in the dq frame.

pα0 =

(
Us

ωsL
+

1

3
Is sinϕs

)
Uscirp q +

1

3
Is cosϕsUscirp d

pβ0 = −
(
Us

ωsL
+

1

3
Is sinϕs

)
Uscirp d +

1

3
Is cosϕsUscirp q

(24)

where Uscirp d = Uscirp cosϕscirp, Uscirp q = Uscirp sinϕscirp.
Considering the power generated by circulating voltage

and current, pα0, pβ0 and Uscirp d, Uscirp q are coupled to

each other. Based on (24) and (5), the linearized relationship
between sequence circulating components in the dq frame
and branch capacitor voltage components uCα0, uCβ0 are
expressed as (25).

Uscirp d = k1uCα0 − k2uCβ0
Uscirp q = k2uCα0 + k1uCβ0 (25)

In (25), k1 and k2 can be simplified from (26) as:

k1 =
1

3
Isd

k2 =

√
U2
sd + U2

sq

ωsL
+

1

3
Isq (26)

According to the above analysis, the control of branch
capacitor voltage components uCα0, uCβ0 based on positive-
sequence circulating components of low frequency is shown
in Fig. 5. Based on (25), a cross decoupled control is designed
to eliminate coupling of uCα0 and uCβ0 in the dq frame.
Applying proportional-integral (PI) regulators on differences
between the cross decoupled branch capacitor voltages and
their reference, the two components of positive-sequence cir-
culating voltage in the dq frame Uscirp d, Uscirp q are obtained.
Then, the two components in the dq frame are converted
to three components in the abc frame through inverse park
transformation based on phase angle of grid side.

dq0

/
abc

+

−
3

uCα0
k1

k2

k2

k1

uCβ0 +
+

0

0

+

+

−

−

Uscirp_d

Uscirp_q

uscirp1,2,3

θs

PI

PI

Fig. 5. Control block diagram of branch voltage components uCα0, uCβ0

based on positive-sequence circulating components of low frequency.

To control uC0α and uC0β , it is necessary to contain
positive-sequence circulating components of grid side fre-
quency in branches. Taking the first form as an example, p0α
and p0β are represented as (27) based on (9) and (21) with
circulating components transformed in the dq frame.

p0α = −
(
Um

ωmL
− 1

3
Im sinϕm

)
Umcirp q

+
1

3
Im cosϕmUmcirp d

p0β =

(
Um

ωmL
− 1

3
Im sinϕm

)
Umcirp d

+
1

3
Im cosϕmUmcirp q (27)

where Umcirp d = Umcirp cosϕmcirp, Umcirp q = Umcirp

sinϕmcirp.
Based on (27) and (5), the linearized relationship between

sequence circulating components in the dq frame and branch
capacitor voltage components uC0α, uC0β are expressed
as (28).

Umcirp d = k3uC0α + k4uC0β
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Umcirp q = −k4uC0α + k3uC0β (28)

In (28), k1 and k2 can be simplified from (27) as:

k1 =
1

3
Isd

k2 =

√
U2
sd + U2

sq

ωsL
+

1

3
Isq (29)

Control of branch capacitor voltage components uC0α, uC0β

control based on positive-sequence circulating components of
grid side frequency is shown in Fig. 6.

dq0

/
abc

+

+
3

uC0α

k3

k4

k4

k3

uC0β +
−

0

0

+

+

−

−

Umcirp_d

Umcirp_q

umcirp1,2,3

θm

PI

PI

Fig. 6. Control block diagram of branch voltage components uC0α, uC0β

based on positive-sequence circulating components of grid side frequency.

uCα0, uCβ0 and uC0α, uC0β are controlled by two kinds
of circulating components, including a group of positive-
sequence circulating components of low frequency and a
group of positive-sequence circulating components of grid side
frequency.
uCαα, uCαβ , uCβα and uCββ are controlled by two groups

of negative-sequence circulating components. Both the first
form of negative-sequence component of grid side frequency
and low frequency have the same control effect on pαα and
pββ Similarly, both the second form of negative-sequence
component of grid side frequency and low frequency have the
same control effect on pαβ , and pβα. Therefore, there are four
feasible options to satisfy the requirement for control degrees
of freedom:

1) the first form of negative-sequence component of low fre-
quency and the second form of negative-sequence component
of grid side frequency.

2) the second form of negative-sequence component of low
frequency and the first form of negative-sequence component
of grid side frequency.

3) two forms of negative-sequence component of low fre-
quency.

4) two forms of negative-sequence component of grid side
frequency.

Option 1 is taken as an example to design control method.
For the first form of negative-sequence component of low
frequency, instantaneous power components and circulating
components in the dq frame are expressed as (30). The lin-
earized relationship between sequence circulating components
in the dq frame and branch capacitor voltage components
uCαα, uCαβ , uCβα, uCββ are expressed as (31).

pαα + pββ =

2×
[

1

3
Is cosϕsUscirn d +

(
Us

ωsL
+

1

3
Is sinϕs

)
Uscirn q

]

pαβ − pβα =

2×
[

1

3
Is cosϕsUscirn q −

(
Us

ωsL
+

1

3
Is sinϕs

)
Uscirn d

]
(30)

where Uscirn d = Uscirn cosϕscirn, Uscirn q = Uscirn sinϕscirn

Uscirn d = k5(uCαα + uCββ)− k6(uCαβ − uCβα)

Uscirn q = k6(uCαα + uCββ) + k5(uCαβ − uCβα) (31)

In (31), k1 and k2 can be simplified from (30) as:

k5 =
1

2
k1, k6 =

1

2
k2 (32)

Branch voltage components uCαα, uCαβ , uCβα, uCββ con-
trol based on negative-sequence circulating components of low
frequency are shown in Fig. 7.
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+
+

0

0

+

+

−

−
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uCββ

+

uCαβ
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-

uscirn1,2,3

Uscirn_d

Uscirn_q

θs

PI

PI

Fig. 7. Control block diagram of branch voltage components uCαα, uCαβ ,
uCβα, uCββ based on negative-sequence circulating components of low
frequency.

For the second form of negative-sequence component of
grid side frequency, instantaneous power components and
circulating components in the dq frame are expressed as (33),
and the linearized relationship between sequence circulating
components in the dq frame and branch capacitor voltage
components uCαα, uCαβ , uCβα, uCββ are expressed as (34).

pαα − pββ = 2×
[

1

3
Im cosϕmUmcirn d

−
(
Um

ωmL
− 1

3
Im sinϕm

)
Umcirn q

]
pαβ + pβα = 2×

[
− 1

3
Im cosϕmUmcirn q

+

(
Um

ωmL
− 1

3
Im sinϕm

)
Umcirn d

]
(33)

where Umcirn d = Umcirn cosϕmcirn, Umcirn q = Umcirn

sinϕmcirn

Umcirn d = k7(uCαα − uCββ) + k8(uCαβ + uCβα)

Umcirn q = −k8(uCαα − uCββ) + k7(uCαβ + uCβα) (34)

In (33), k1 and k2 can be simplified from (34) as:

k7 =
1

2
k3, k8 =

1

2
k4 (35)

Branch voltage components uCαα, uCαβ , uCβα, uCββ con-
trol based on negative-sequence circulating components of grid
side frequency are shown in Fig. 8.

Fully decoupled control of branch energy balancing in
horizontal, vertical and diagonal directions is achieved by



242 CSEE JOURNAL OF POWER AND ENERGY SYSTEMS, VOL. 10, NO. 1, JANUARY 2024

dq0
/

abc

+

+
3

k7

k8

k8

k7

+
−

0

0

+

+

−

−
+

+

-

+

uCαα

uCββ

uCαβ

uCβα

umcirn1,2,3

Umcirn_d

Umcirn_q

θm

PI

PI

Fig. 8. Control block diagram of branch voltage components uCαα, uCαβ ,
uCβα, uCββ based on negative-sequence circulating components of grid side
frequency.

four groups of sequence circulating components. Positive-
sequence circulating components of grid side frequency and
low frequency are used for horizontal and vertical control.
Two different forms of negative-sequence components of low
frequency and grid side frequency are used for diagonal con-
trol. Total control block diagram of branch energy balancing
control is shown in Fig. 9.
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Fig. 5
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Fig. 9. Control block diagram of the proposed control method for branch
energy balancing.

Capacitor voltages of all submodules are summed by branch
and filtered with a low pass filter (LPF) to obtain average
capacitor voltages. The eight uCαβ0/αβ0 elements are ob-
tained through double αβ0 transformation of average capacitor
voltages of nine branches. Based on the control of sequence
circulating components Figs. 5–8 and (10), (11), (13), (14),
the four groups of sequence circulating components of nine
branches are obtained separately. Modulation waveforms of the
nine branches’ circulating components are obtained by adding
the four groups.

V. SIMULATION VERIFICATION

A. Overview of the Simulation Platform

To verify effectiveness of the proposed control method,
a simulation system of low-frequency AC transmission for
offshore wind power is implemented in PSCAD/EMTDC. The
configuration is shown in the Fig. 10.

Grid-side converter of constant power control is equivalent
to offshore wind farm, in which active power is 300 MW and
reactive power is zero. The offshore wind farm is linked to
onshore converter station through a 100 km, 220 kV submarine
cable. In onshore converter station, two star-delta transformers
are installed on both sides of M3C, which can reduce voltage

220 kV
50 Hz

M3C

Submarine
cable

220 kV
20 Hz

Power grid Onshore converter station
Offshore

wind farm

power inputpower output

Fig. 10. Configuration of the low-frequency AC transmission system for
offshore wind power.

of M3C to fully use the current capability of power electronic
devices, and block the zero-sequence component generated by
faults. For M3C, control of grid side is capacitor voltage con-
trol and reactive power control, and control of low frequency
side is voltage control. The main simulation parameters are
given in Table I.

TABLE I
MAIN PARAMETERS OF THE SYSTEM

Parameters Value
low frequency
side system

frequency 20 Hz
system voltage 220 kV

grid side system frequency 50 Hz
system voltage 220 kV

transformer
transformer ratio 220 kV/64 kV
short-circuit impedance 15%
connection YNd

M3C

number of SMs per branch 58
branch inductance 14 mH
SM capacitance 1400 µF
rated voltage of SM capacitor 2.15 kV

submarine cable

length 100 km
resistance 0.0151 Ω/km
inductance 0.372 mH/km
capacitance 0.179 µF/km

B. Verification of Branch Energy Balancing Control Method

1) Case I: Energy Balancing for Nonuniform Parameters
In this case, 200 Ω resistors are connected in parallel

with six branches (au, bu, cu, av, aw, bw) to unbalance
branch power. To verify decoupled control performance of the
proposed control method, the diagonal, vertical, and horizontal
balancing control are respectively set to start at t1 = 4.5 s,
t2 = 5.5 s and t3 = 6.5 s. Simulation results are shown
in Fig. 11. Fig. 11(a)–(d) present voltage and current of
low frequency and grid sides, respectively. The proposed
control method achieves energy balancing only inside the
M3C, therefore voltage and current of both sides are stable
after energy balancing control starts. Fig. 11(e)–(g) present
average capacitor voltage of the nine branches. The system is
in a stable state and eight uCαβ0/αβ0 elements except u00 are
not zero before t1 = 4.5 s. As controls are started in sequence,
the control effect gradually appears. uCαα, uCαβ , uCβα and
uCββ are controlled at t1 and gradually to zero. At the same
time, uCα0, uCβ0, uC0α and uC0β are not affected. uCα0,
uCβ0 are controlled at t2 and uC0α, uC0β, are controlled at
t3. The horizontal, vertical, and diagonal balancing control
are all separate from others. The eight uCαβ0/αβ0 elements
except u00 are controlled to zero after t = 7.5 s in Fig. 11(e)–
(f) and average capacitor voltage of the nine branches are
controlled to reference value of 124.7 kV in Fig. 11(g). The
difference between input and output power is consumed by
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Fig. 11. Simulation results of the branch energy balancing in the case of nonuniform parameters. (a) The voltage of low frequency side. (b) The current of
low frequency side. (c) The voltage of grid side. (d) The current of grid side. (e) The voltage of uCαα, uCαβ , uCβα and uCββ . (f) The voltage of uCα0,
uCβ0, uC0α and uC0β . (g) The average capacitor voltage of nine branches. (h) The sum of average capacitor voltage of all the submodules.

parallel resistors and there is no change for total energy of
submodules in M3C. Therefore, average capacitor voltage of
all submodules keeps stable in Fig. 11(h). Simulation results
demonstrate effectiveness of the proposed branch energy bal-
ancing control method in the case of nonuniform parameters.
2) Case II: Energy Balancing for Unbalanced Power System

In this case, single-phase faults with 10 Ω grounding re-
sistance are assumed to have occurred on grid side frequency
and low frequency side system at t4 = 4 s and duration is 3 s.
Branch energy balancing control is set to start at t5 = 5.5 s.
Fig. 12 shows simulation results. Fig. 12(a)–(d) present voltage
and current of low frequency and grid sides respectively, in-
cluding positive-sequence and negative-sequence components
in the dq frame. Since transformers block the zero-sequence
component of unbalanced power system, M3C contains only
positive-sequence and negative-sequence components of the
input and output systems. Negative-sequence components of
grid side frequency and low frequency side system cause
power to flow only between subconverters. After the faults,

the uCα0, uCβ0, uC0α and uC0β change and uCαα, uCαβ , uCβα
and uCββ are almost unaffected in Fig. 12(e)–(f). After t5 =
5.5 s, balancing controls make uCα0, uCβ0, uC0α and uC0β

gradually to zero and average capacitor voltage of the nine
branches are controlled to reference value of 124.7 kV in
Fig. 12(g). During this time, voltage and current of input and
output systems are unaffected by control. At t6 = 7 s, fault
is cleared and voltage and current of both side systems are
restored to the state before the faults. The average capacitor
voltage of the nine arms are controlled to reference value in a
short dynamic control process. Fig. 12(h) shows the energy of
M3C changes transiently and fluctuates during the occurrence,
clearance, and persistence of faults, but also kept close to
reference value. Simulation results demonstrate effectiveness
of the proposed method in the case of unbalanced power
system.

C. Performance Comparison

In terms of control performance of branch energy balancing
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Fig. 12. Simulation results of the branch energy balancing in the case of unbalanced power system. (a) The voltage of low frequency side. (b) The current
of low frequency side. (c) The voltage of grid side. (d) The current of grid side. (e) The voltage of uCαα, uCαβ , uCβα and uCββ . (f) The voltage of uCα0,
uCβ0, uC0α and uC0β . (g) The average capacitor voltage of nine branches. (h) The sum of average capacitor voltage of all the submodules.

control, the conventional control method based on double
αβ0 transformation [25] (control method I) and the proposed
control method (control method II) are compared. In order
to verify impact of circulating voltage, the proposed con-
trol method without considering circulating voltage (control
method III) is added to the comparison. Control performance
of three control methods are given in Table II and simulation
results of average capacitor voltage of nine branches are shown
in Figs. 13–15.

TABLE II
CONTROL PERFORMANCE OF THREE CONTROL METHOD

Verification
case

Control
method

Voltage range
(kV)

Average
voltage (kV)

Standard
deviation

Nonuniform
parameters

I 122.39–129.62 124.70 0.73
II 124.02–125.35 124.70 0.29
III 123.91–125.43 124.70 0.37

Unbalanced
power
system

I 122.39–129.62 124.70 2.23
II 124.02–125.35 124.70 0.41
III 123.91–125.43 124.70 0.57

Both conventional control method based on double αβ0
transformation and the proposed control method do not affect
the both side system connected with M3C. For the case
of nonuniform parameters, the conventional control method
controls average capacitor voltage of nine branches in the
range of 123.59–126.21 kV and standard deviation is 0.73.
The proposed control method controls voltage in the range
of 124.14–125.10 kV and standard deviation is 0.29. Control
performance is improved by 60.3% from the perspective of
standard deviation. For the case of unbalanced power system,
the conventional control method controls voltage in the range
of 122.39–129.62 kV and standard deviation is 2.23. The
proposed control method controls voltage in the range of
124.01–125.35 kV and standard deviation is 0.41. Control
performance is improved by 81.6% from the perspective
of standard deviation. Control performance of the proposed
control method without considering circulating voltage is
improved by 49.3% and 74.4%. Higher control precision can
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Fig. 13. The average capacitor voltage of nine branches based on the proposed control method. (a) In the case of nonuniform parameters. (b) In the case of
unbalanced power system.
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Fig. 14. The average capacitor voltage of nine branches based on the conventional control method based on double αβ0 transformation. (a) In the case of
nonuniform parameters. (b) In the case of unbalanced power system.
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Fig. 15. The average capacitor voltage of nine branches based on the proposed control method without considering circulating voltage. (a) In the case of
nonuniform parameters. (b) In the case of unbalanced power system.

be obtained by using the proposed control method compared
with the conventional control method and the proposed control
method without considering circulating voltage. It should be
noted the advantages of the proposed control method will be
more obvious when transmission power of M3C is increased.

VI. CONCLUSION

This paper proposes a fully decoupled branch energy bal-
ancing control method for M3C based on sequence circulating
components. The influence mechanism of different sequence
circulating components on branch capacitor voltage has been
analyzed in detail. Positive-sequence circulating components
of grid side frequency and low frequency are used for
horizontal and vertical balancing control. Negative-sequence
circulating components of grid side frequency and low fre-
quency are used for diagonal balancing control. Considering
the influence of sequence circulating voltage and current on
branch energy, a cross decoupled control is added to the
proposed control method. Through simulation, it is verified the
proposed control method achieves fully decoupled control of
branch capacitor voltage and has higher control precision. The

proposed control method can provide a technical scheme for
capacitor voltage balance of high-voltage and large-capacity
M3C in low-frequency AC transmission.
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