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Abstract: The modular multilevel matrix converter (M3C) is the core component in low-frequency
AC (LFAC) transmission, which is a competitive scheme for offshore wind power integration. In this
paper, the M3C control strategy with the reduced switching frequency SM voltage balancing method
is proposed. First, based on the conventional αβ0 and dq transformations, the M3C mathematical
model is derived. Then, the dual-loop control structure with outer loop and inner loop controllers
commonly used in voltage source converters is applied to the M3C. The inner loop controller consists
of the current tracking controller in the dq reference frame and the circulating current suppressing
controller in the αβ0 reference frame; the outer loop controller is proposed for the offshore wind farm
LFAC integration scenario. Additionally, according to the operating characteristics of full-bridge sub-
modules (FBSMs), three characteristic variables are defined and a reduced switching frequency SM
voltage balancing method based on the nearest level control (NLC) is proposed. Finally, time-domain
simulations in PSCAD/EMTDC demonstrate the feasibility of the proposed control strategy.

Keywords: M3C; low frequency AC transmission; mathematical model; dual-loop control; SM
voltage balance

1. Introduction

With the development of offshore wind farms far from the coast, the long-distance
transmission of offshore wind power has drawn extensive attention from academia and
industry [1,2]. At present, the commissioned distant offshore wind farms are generally con-
nected to onshore AC grids by high-voltage direct current (HVDC) systems [3]. However,
the offshore converter platform of the HVDC scheme is costly. In addition, since the HVDC
circuit breaker is extremely expensive and the weight and dimension of the HVDC circuit
breaker are extremely large, the high-voltage large-capacity DC circuit breaker limits the
development of the HVDC grid for offshore wind power integration. To overcome these
shortcomings, the low-frequency alternating current (LFAC) transmission is proposed as
an alternative, dating back to the 1950s in conception [4,5]. With the development of power
electronics, the LFAC scheme is found increasingly competitive for offshore wind farm in-
tegration with technical and economic advantages: the transmission distance and capacity
can be increased under lower frequency; investment costs are reduced by eliminating the
offshore converter platform [6].

The onshore frequency converter is the core equipment in the LFAC system. Early
research has focused on the cycloconverter, which suffers from severe harmonics and
unsatisfactory fault ride-through ability [7]. The modular multilevel matrix converter
(M3C), first proposed in 2001 [8], is generally regarded as the next-generation frequency
converter due to its low voltage harmonic level, high scalability, and decoupled active
and reactive power control [9]. Currently, the 200 kV/300 MW M3C-based Hangzhou
LFAC demonstration project is under construction, and the M3C-based LFAC shows good
potential in high-voltage bulk power transmission.

Energies 2023, 16, 3474. https://doi.org/10.3390/en16083474 https://www.mdpi.com/journal/energies

https://doi.org/10.3390/en16083474
https://doi.org/10.3390/en16083474
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/energies
https://www.mdpi.com
https://orcid.org/0000-0003-1283-6238
https://doi.org/10.3390/en16083474
https://www.mdpi.com/journal/energies
https://www.mdpi.com/article/10.3390/en16083474?type=check_update&version=2


Energies 2023, 16, 3474 2 of 22

To apply the M3C to the LFAC system, an intuitive mathematical model and a satis-
factory control strategy are crucial. The existing literature on modeling and control of the
M3C is mainly based on the double αβ0 transformation, which is first proposed in [10,11]
to achieve the decoupled model and control. However, the physical meaning of variables is
not clear with the double αβ0 transformation. In comparison, the conventional αβ0 and dq
transformations can provide more definite physical meaning, and the derivation process
is more straightforward and easier to understand. For readers familiar with conventional
modular multilevel converter (MMC) technology, the αβ0 and dq transformations are
preferable. If the M3C can be considered as an extension of the MMC, the M3C controller
design can be simplified by adopting the design method of the MMC controller.

Balancing the sub-module (SM) voltages in each arm is essential in the M3C control
strategy, which is generally achieved by the voltage sorting algorithm based on the modu-
lation method. Current studies on the M3C control are mainly based on the electric drive
application [12,13], where the pulse-width modulation (PWM) is selected as the SM number
is small enough. As for the LFAC transmission system, the number of series-connected
SMs in each arm is sufficiently large to withstand the high voltage. In this case, the nearest
level control (NLC) widely used in the MMC-based HVDC is more suitable due to lower
switching losses and less calculation burden [14]. However, current studies still apply the
PWM to the M3C in the LFAC system [15–17] and few studies mention the application of
the NLC to the M3C.

In [18,19], a conventional SM voltage balancing algorithm based on the NLC is pro-
posed, which sorts all capacitors’ voltages and triggers the SMs with the highest or lowest
capacitor voltages. However, the conventional algorithm has to be executed in each control
cycle. Thus, even if the total number of inserted SMs in one arm is unchanged, unnecessary
switching operations are generated. To reduce the switching losses due to the unnecessary
switching operations, reference [20] proposed a reduced switching frequency modulation,
which considers the extra number of SMs that need to be switched on or off in the follow-
ing control cycle. The conventional SM voltage balancing algorithm, a hybrid balancing
algorithm, and a fundamental frequency balancing algorithm are investigated in [21]. Ref-
erence [22] proposed a reduced switching frequency algorithm with a balancing adjusting
number to avoid large SM voltage fluctuation. In [23], a voltage balancing strategy juggling
the low voltage deviation and the low switching frequency is proposed. However, these al-
gorithms are suitable for the MMC with half-bridge sub-modules (HBSMs). Reference [24]
introduced an optimized voltage sorting algorithm for the M3C to shorten the sorting time
without affecting the switching frequency. No literature has considered the reduced switch-
ing frequency modulation in the M3C with full-bridge sub-modules (FBSMs). Considering
that there are hundreds of SMs in the M3C, an SM voltage balancing method with reduced
switching frequency can thus decrease the switching losses and promote the application of
M3C in the LFAC system, which requires further study.

The contributions of this paper are as follows:

(1) The mathematical model of the M3C is derived based on the extended MMC topology
and the multiple αβ0 and dq transformations. The dual-loop controllers are designed
according to the derived mathematical model.

(2) A reduced switching frequency SM voltage balancing method based on the NLC is
proposed. According to state sorting and incremental switching, this optimized SM
voltage balancing method can avoid unnecessary switching.

The rest of this paper is organized as follows. In Section 2, the basic structure and
decoupled mathematical model of the M3C are elaborated as a basis. Then, the inner
loop controller is designed in Section 3. In Section 4, the reduced switching frequency SM
voltage balancing method is proposed based on state sorting and incremental switching.
Section 5 presents the outer loop controller. To verify the proposed control strategy, a case
is presented in Section 6. Finally, conclusions are drawn in Section 7.
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2. Basic Structure and Mathematical Model of M3C

An intuitive presentation of the main circuit structure is significant for understanding
the M3C. Instead of the original presentation in [8], it is more straightforward to display the
M3C main circuit structure as shown in Figure 1, which makes the M3C topology regarded
as an extended MMC topology by adding three middle arms to the conventional MMC.
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The physical meanings and reference directions of the basic variables in the M3C are
plotted in Figure 1. j (j = A, B, C) and k (k = a, b, c) in the subscript denote phase j on the
input side and phase k on the output side, respectively. uij and uok represent the system
voltage on the input side and the output side. pis and qis are the instantaneous active power
and reactive power of the input system. The instantaneous active power and reactive power
of the output system are expressed as pos and qos. The system resistance and inductance on
the input side are denoted as Ris and Lis. Ros and Los represent the system resistance and
inductance on the output side. In addition, V and v are symbols of the M3C AC ports on the
input side and the output side. uVj and iVj denote the M3C AC voltage and current on the
input side. uvk and ivk are the M3C AC voltage and current on the output side. In addition,
SMs in the M3C are FBSMs, each FBSM involves four insulated gate bipolar transistors
(IGBTs) Th (h = 1, 2, 3, 4) with four anti-parallel diodes Dh and a storage capacitor C0. L0 is
the arm inductance and R0 represents the equivalent arm resistance. ujk and ijk express the
voltage and current of arm jk, and ucjkm is the capacitor voltage of the mth SM in arm jk. O′

and O denote the neutral point of the input side and the output side.
According to the basic structure in Figure 1, the mathematical model of the M3C is

derived. First, applying the Kirchhoff’s voltage law (KVL) to Figure 1 yields:

(L0
d
dt + R0)

 iAa iAb iAc
iBa iBb iBc
iCa iCb iCc

+

 uAa uAb uAc
uBa uBb uBc
uCa uCb uCc


= −(Lis

d
dt + Ris)

 iVA iVA iVA
iVB iVB iVB
iVC iVC iVC

− (Los
d
dt + Ros)

 iva ivb ivc
iva ivb ivc
iva ivb ivc


+

 uiA uiA uiA
uiB uiB uiB
uiC uiC uiC

−
 uoa uob uoc

uoa uob uoc
uoa uob uoc

+

 uO′O uO′O uO′O
uO′O uO′O uO′O
uO′O uO′O uO′O


(1)
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where uO′O is the voltage difference of two neutral points.
Based on the Kirchhoff’s current law (KCL), the relationships between the arm currents

and the AC currents on the input side and output side of the M3C can be expressed as:iVA
iVB
iVC

 =

iAa
iBa
iCa

+

iAb
iBb
iCb

+

iAc
iBc
iCc

 (2)

iva
ivb
ivc

 =

iAa
iAb
iAc

+

iBa
iBb
iBc

+

iCa
iCb
iCc

 (3)

Define usumj (j = A, B, C) and ucomk (k = a, b, c) as the common-mode voltages on the
input side and the output side:usumA

usumB
usumC

 =
1
3

uAa + uAb + uAc
uBa + uBb + uBc
uCa + uCb + uCc

 (4)

ucoma
ucomb
ucomc

 =
1
3

uAa + uBa + uCa
uAb + uBb + uCb
uAc + uBc + uCc

 (5)

For the modeling analysis and controller design of the M3C, it is more convenient
to implement in the orthogonal reference frame, where the physical quantities on each
axis can be decoupled and the redundant equations can be naturally eliminated. The αβ0
reference frame is one of the most widely used orthogonal reference frames. The abc-αβ0
(ABC-αβ0) reference frame transformation matrix is defined as [25]:

Tabc−αβ0 =

√
2
3

 1 −1/2 −1/2
0

√
3/2 −

√
3/2

1/
√

2 1/
√

2 1/
√

2

 (6)

Transform the common-mode voltages usumj (j = A, B, C) and ucomk (k = a, b, c) to the
αβ0 reference frame through premultiplying (4) and (5) by Tabc-αβ0:usumα

usumβ

usum0

 = Tabc−αβ0

usumA
usumB
usumC

 =
1
3

uαa + uαb + uαc
uβa + uβb + uβc
u0a + u0b + u0c

 (7)

ucomα

ucomβ

ucom0

 =

√
2
3

 1 −1/2 −1/2
0

√
3/2 −

√
3/2

1/
√

2 1/
√

2 1/
√

2

ucoma
ucomb
ucomc

 (8)

Transform the arm currents from the ABC reference frame to the αβ0 reference frame:iαa iαb iαc
iβa iβb iβc
i0a i0b i0c

 =

√
2
3

 1 −1/2 −1/2
0

√
3/2 −

√
3/2

1/
√

2 1/
√

2 1/
√

2

iAa iAb iAc
iBa iBb iBc
iCa iCb iCc

 (9)

Transform the arm voltages from the ABC reference frame to the αβ0 reference frame:uαa uαb uαc
uβa uβb uβc
u0a u0b u0c

 =

√
2
3

 1 −1/2 −1/2
0

√
3/2 −

√
3/2

1/
√

2 1/
√

2 1/
√

2

uAa uAb uAc
uBa uBb uBc
uCa uCb uCc

 (10)
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Substituting (9) into (2) gives:iVα

iVβ

iV0

 = Tabc−αβ0

iVA
iVB
iVC

 =

iαa + iαb + iαc
iβa + iβb + iβc
i0a + i0b + i0c

 (11)

Inserting (3) into (9) yields:i0a
i0b
i0c

 =
1√
3

iAa + iBa + iCa
iAb + iBb + iCb
iAc + iBc + iCc

 =
1√
3

iva
ivb
ivc

 (12)

Substituting (5) into (10) gives:u0a
u0b
u0c

 =
1√
3

uAa + uBa + uCa
uAb + uBb + uCb
uAc + uBc + uCc

 =
√

3

ucoma
ucomb
ucomc

 (13)

Then, transform (1) from the ABC reference frame to the αβ0 reference frame through
premultiplying (1) by Tabc-αβ0:

(L0
d
dt + R0)

 iαa iαb iαc
iβa iβb iβc
i0a i0b i0c

+

 uαa uαb uαc
uβa uβb uβc
u0a u0b u0c


= −(Lis

d
dt + Ris)

 iVα iVα iVα

iVβ iVβ iVβ

iV0 iV0 iV0

−√3(Los
d
dt + Ros)

 0 0 0
0 0 0

iva ivb ivc


+

 uiα uiα uiα
uiβ uiβ uiβ
ui0 ui0 ui0

−√3

 0 0 0
0 0 0

uoa uob uoc

+
√

3

 0 0 0
0 0 0

uO′O uO′O uO′O


(14)

Equation (14) can be split into (15) and (16), which describe the characteristics of the
input side and the output side of the M3C, respectively:

(L0
d
dt + R0)

[
iαa iαb iαc
iβa iβb iβc

]
+

[
uαa uαb uαc
uβa uβb uβc

]
= −(Lis

d
dt + Ris)

[
iVα iVα iVα

iVβ iVβ iVβ

]
+

[
uiα uiα uiα
uiβ uiβ uiβ

] (15)

(L0
d
dt + R0)

 i0a
i0b
i0c

+

 u0a
u0b
u0c

 = −(Lis
d
dt + Ris)

 iV0
iV0
iV0

+

 ui0
ui0
ui0


−
√

3(Los
d
dt + Ros)

 iva
ivb
ivc

−√3

 uoa
uob
uoc

+
√

3

 uO′O
uO′O
uO′O

 (16)

Substituting (12) and (13) into (16) gives:

[(L0 + 3Los)
d
dt+(R0 + 3Ros)]

 iva
ivb
ivc

+ 3

 ucoma
ucomb
ucomc


= −
√

3(Lis
d
dt + Ris)

 iV0
iV0
iV0

+
√

3

 ui0
ui0
ui0

− 3

 uoa
uob
uoc

+ 3

 uO′O
uO′O
uO′O

 (17)
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Premultiplying (17) by Tabc-αβ0, the variables on the M3C output side are transformed
from the abc reference frame to the αβ0 reference frame:

[(L0 + 3Los)
d
dt+(R0 + 3Ros)]

 ivα
ivβ
iv0

+ 3

 ucomα

ucomβ

ucom0


= −3(Lis

d
dt + Ris)

 0
0

iV0

+ 3

 0
0

ui0

− 3

 uoα
uoβ
uo0

+3
√

3

 0
0

uO′O

 (18)

where iV0 = iv0 = ui0 = uo0 = 0 as the three-phase AC systems on both sides of the M3C are
symmetrical. Then, (18) can be split into (19) and (20):

(LoΣ
d
dt

+ RoΣ)

[
ivα
ivβ

]
= −

[
ucomα

ucomβ

]
−
[

uoα
uoβ

]
(19)

ucom0 =
√

3 · uO′O (20)

where LoΣ = Los + L0/3, RoΣ = Ros + R0/3.
Combining (7), (8), (13), and (20) gives:

usum0 = ucom0 =
√

3 · uO′O (21)

Equation (15) can be split into (22)–(24):

(L0
d
dt

+ R0)

[
iαa
iβa

]
+

[
uαa
uβa

]
= −(Lis

d
dt

+ Ris)

[
iVα

iVβ

]
+

[
uiα
uiβ

]
(22)

(L0
d
dt

+ R0)

[
iαb
iβb

]
+

[
uαb
uβb

]
= −(Lis

d
dt

+ Ris)

[
iVα

iVβ

]
+

[
uiα
uiβ

]
(23)

(L0
d
dt

+ R0)

[
iαc
iβc

]
+

[
uαc
uβc

]
= −(Lis

d
dt

+ Ris)

[
iVα

iVβ

]
+

[
uiα
uiβ

]
(24)

Adding up (22), (23), and (24) yields:

(L0
d
dt + R0)

[
iαa + iαb + iαc
iβa + iβb + iβc

]
+

[
uαa + uαb + uαc
uβa + uβb + uβc

]
= −3(Lis

d
dt + Ris)

[
iVα

iVβ

]
+ 3
[

uiα
uiβ

] (25)

According to (7) and (11), (25) can be rewritten as:

(LiΣ
d
dt

+ RiΣ)

[
iVα

iVβ

]
= −

[
usumα

usumβ

]
+

[
uiα
uiβ

]
(26)

where LiΣ = Lis + L0/3, RiΣ = Ris + R0/3.
Define ilcir1 and ilcir2 (l = α, β) as circulating currents in the αβ0 reference frame as in

(27); define ulcir1 and ulcir2 (l = α, β) as circulating voltages in the αβ0 reference frame as in
(28): [

iαb − iαa
iβb − iβa

]
=

[
iαcir1
iβcir1

]
,
[

iαc − iαa
iβc − iβa

]
=

[
iαcir2
iβcir2

]
(27)

[
uαb − uαa
uβb − uβa

]
=

[
uαcir1
uβcir1

]
,
[

uαc − uαa
uβc − uβa

]
=

[
uαcir2
uβcir2

]
(28)
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Subtracting (22) from (23) and (24), respectively, the relationship between the circulat-
ing currents and the circulating voltages can be described as:

(L0
d
dt

+ R0)

[
iαcir1
iβcir1

]
+

[
uαcir1
uβcir1

]
= 0 (29)

(L0
d
dt

+ R0)

[
iαcir2
iβcir2

]
+

[
uαcir2
uβcir2

]
= 0 (30)

It is noticed that the circulating currents are only determined by the arm reactance and
the arm voltage inside the M3C and have no direct relationship with the input side and the
output side of the M3C.

Hence, (19), (21), (26), (29), and (30) constitute the 9th order mathematical model of
the M3C in the αβ0 reference frame.

To simplify the controller design, (19) and (26) corresponding to the external quanti-
ties of the M3C are transformed to the dq reference frame. The αβ0-dq reference frame
transformation matrices on the input side and the output side of the M3C are defined
as [25]:

Tωi
αβ0−dq =

[
cos ωit sin ωit
− sin ωit cos ωit

]
(31)

Tωo
αβ0−dq =

[
cos ωot sin ωot
− sin ωot cos ωot

]
(32)

where ωit is the voltage phase angle of phase-A of the input system and ωot is the voltage
phase angle of phase-a of the output system, both of which are acquired by the phase-locked
loop (PLL).

Premultiplying (26) and (19) by (31) and (32), respectively, the input and output side
characteristics of the M3C in the dq reference frame can be expressed as:

LiΣ[
d
dt
−
[

0 ωi
−ωi 0

]
]

[
iVd
iVq

]
+ RiΣ

[
iVd
iVq

]
+

[
usumd
usumq

]
=

[
uid
uiq

]
(33)

LoΣ[
d
dt
−
[

0 ωo
−ωo 0

]
]

[
ivd
ivq

]
+ RoΣ

[
ivd
ivq

]
+

[
ucomd
ucomq

]
= −

[
uod
uoq

]
(34)

Until now, the mathematical model of the M3C has been derived based on the extended
MMC topology in Figure 1 and the multiple αβ0 and dq transformations, as shown in (21),
(29), (30), (33), and (34). The major benefits of the multiple αβ0 and dq transformations are
in the following three aspects:

(1) By applying the multiple αβ0 and dq transformations, the derivation process can
be more straight forward and easier to understand.

(2) Through the multiple αβ0 and dq transformations, the mathematical models of
the input side and the output side of the M3C are basically consistent with the AC side
mathematical model of the MMC. Thus, one M3C is equivalent to two decoupled MMCs
on the input side and the output side. In other words, the M3C can be considered as an
extension of the conventional MMC, which is beneficial for analyzing the M3C operating
characteristics.

(3) The design of the M3C controller can be transformed into the design of con-
trollers for two MMCs. In this way, the design method of the MMC controller can be
adapted to the M3C controller design directly, which is beneficial for simplifying the M3C
controller design.

3. Inner Loop Controller

Based on the previously derived mathematical model, the inner loop controller is
divided into two parts to control the external characteristics and internal characteristics of
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the M3C, respectively. The current tracking controller of the external characteristics on the
input and output sides described by (10) and (11) is designed in the dq reference frame.
The circulating current suppressing controller of the internal characteristics expressed by
(5) and (6) is designed in the αβ0 reference frame. The outputs of the inner loop controller
are integrated to obtain the voltage references of the 9 arms of the M3C.

3.1. Current Tracking Controller

By Laplace transform of (10), the dynamic characteristics of the input side in the s
domain are represented as:{

(RiΣ + LiΣs)iVd(s) = uid(s)− usumd(s) + ωiLiΣiVq(s)
(RiΣ + LiΣs)iVq(s) = uiq(s)− usumq(s)−ωiLiΣiVd(s)

(35)

From (35), it is noticed that the currents on the input side (output variables) are
determined by the system voltages (disturbance variables) and the common-mode voltages
(control variables) on the input side. The current tracking controller on the input side is to
obtain control variable references usumd

* and usumq
* by making output variables track their

references iVd
* and iVq

*.
To simplify the controller design, substituting variables in (35) with new control

variables denoted by Vd and Vq yields:{
Vd(s) = uid(s)− usumd(s) + ωiLiΣiVq(s)
Vq(s) = uiq(s)− usumq(s)−ωiLiΣiVd(s)

(36)

According to (35) and (36), the transfer function between output variables and new
control variables can be expressed as:

iVd(s)
Vd(s)

= 1
RiΣ+LiΣs = G(s)

iVq(s)
Vq(s)

= 1
RiΣ+LiΣs = G(s)

(37)

Based on the classical negative feedback control theory, the control system with the
simplest negative feedback shown in Figure 2 is adopted to make the output variables track
their references.
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Figure 2. d-axis and q-axis closed-loop control system of output current.

In Figure 2, GC1(s) and GC2(s) are transfer functions of the d-axis controller and the
q-axis controller, respectively: {

GC1(s) = kp1 +
ki1
s

GC2(s) = kp2 +
ki2
s

(38)

where kpg and kig (g = 1, 2) are parameters of the current tracking proportional–integral (PI)
controller on the input side.

According to (36), (37), (38), and Figure 2, the block diagram of the current controller
and the system dynamic of the input side is illustrated in Figure 3.
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Similar to the design of the current tracking controller on the input side, applying the
Laplace transform on (34) yields:{

(RoΣ + LoΣs) · ivd(s) = −uod(s)− ucomd(s) + ωoLoΣivq(s)
(RoΣ + LoΣs) · ivq(s) = −uoq(s)− ucomq(s)−ωoLoΣivd(s)

(39)

It is obvious that the current on the output side (the output variables) depends on
the system voltage and the common-mode voltage (the input variables) of the output side.
The current tracking controller on the output side is to obtain the input variable references
ucomd

* and ucomq
* by making output variables track their reference values ivd

* and ivq
*.

The design steps of the current tracking controller on the output side are similar to
those on the input side. The controller block diagram is illustrated in Figure 4, where kpg’
and kig’ (g = 1, 2) are the parameters of the current tracking PI controller on the output side.
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3.2. Circulating Current Suppressing Controller

Circulating currents only flow among the arms and produce no direct effects on either
the input side or the output side of the M3C. The circulating currents will increase the
power losses in the M3C and usually need to be suppressed. The circulating currents
contain harmonic components of various frequencies, and it is unnecessary to design the
controllers for each harmonic in the circulating currents. Therefore, the simple proportional
controller as in (40) and (41) can be adopted for suppressing the circulating currents in
the αβ0 reference frame. According to the relationship between the circulating voltages
and the circulating currents in (29) and (30), the negative feedback theory can be adopted.
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The circulating voltage references ulcir1
* and ulcir2

* (l = α, β) can be obtained by making
circulating currents track their references ilcir1

* and ilcir2
*:[

u∗αcir1
u∗βcir1

]
= kcir1

[
i∗αcir1 − iαcir1
i∗βcir1 − iβcir1

]
(40)

[
u∗αcir2
u∗βcir2

]
= kcir2

[
i∗αcir2 − iαcir2
i∗βcir2 − iβcir2

]
(41)

where kcir1 and kcir2 are proportional coefficients of the circulating current suppressing
controller, and circulating current references ilcir1

* and ilcir2
* are usually set as 0.

3.3. Calculation of Arm Voltage References

The key of the M3C controller design is to determine the voltage values that the 9
arms need to generate at any time, namely, the arm voltage references. The current tracking
controller on the input side designed above generates references of the common-mode
voltage on the input side, denoted as usumd

* and usumq
*. Analogously, the references of the

common-mode voltage on the output side ucomd
* and ucomq

* are acquired by the current
tracking controller on the output side. The voltage references in the dq reference frame
should be converted back to the αβ0 reference frame to obtain usumα

*, usumβ
*, ucomα

*,
and ucomβ

*. Moreover, uO′O
* is set as 0. In addition, the circulating voltage references are

attained in (40) and (41). Thus, the arm voltage references can be obtained as:

U∗arm =

u∗Aa u∗Ab u∗Ac
u∗Ba u∗Bb u∗Bc
u∗Ca u∗Cb u∗Cc

 =

√
2
3

 1 −1/2 −1/2
0

√
3/2 −

√
3/2

1/
√

2 1/
√

2 1/
√

2

T[
U∗αβ

U∗0

]
(42)

where Uαβ
* and U0

* are calculated as:

U∗αβ =

u∗sumα

u∗αcir1
u∗αcir2

u∗sumβ

u∗βcir1
u∗βcir2


T1/3 −1 −1

1/3 1 0
1/3 0 1

−1

(43)

U∗0 =
√

2

u∗comα

u∗comβ

u∗com0

T 1 −1/2 −1/2
0

√
3/2 −

√
3/2

1/
√

2 1/
√

2 1/
√

2

 (44)

4. SM Voltage Balancing Method

After obtaining the arm voltage references, the resulting issue is to determine how
to switch the SMs to make each arm voltage track its reference and maintain voltage
balance among all SMs in one arm. Meanwhile, unnecessary switching operations should
be avoided to minimize the switching frequency. To achieve these objectives, a reduced
switching frequency SM voltage balancing method is proposed in this section.

4.1. Operating Characteristics of FBSM

The SMs constituting the M3C are FBSMs, each of which involves four IGBTs Th (h = 1,
2, 3, 4) with four anti-parallel diodes Dh and an SM capacitor C0. The output voltage of
the SM is represented as usm, and Uc denotes the rated SM capacitor voltage. The positive
direction of the capacitor current is consistent with that of the arm current indicated in
Figure 1, which is defined as the capacitor charging direction. The operating states of the
FBSM are summarized in Table 1.
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Table 1. Operating states of FBSM.

States T1 T2 T3 T4 usm
Arm Current

Direction

Capacitor
Current

Direction

Positively
inserted

on off off on +Uc
Positive Positive

Negative Negative

Negatively
inserted

off on on off −Uc
Positive Negative

Negative Positive

Bypassed on off on off
0

Positive —
off on off on Negative

Blocked off off off off
+Uc Positive Positive
−Uc Negative Positive

According to Table 1, it can be concluded that the operating states of the FBSM are
only related to the conduction state of IGBTs. The first three normal operating states can
be classified based on the polarity of the output voltage of the FBSM and the last state
is abnormal, which is used during system startup or fault clearing. Moreover, the SM
capacitor will not be charged in the bypassed state.

4.2. Switching Strategy of SM

Define the three characteristic variables Sstate, Darm, and Cchange as:

Sstate= sign(u∗jk) =

{
1 if u∗jk ≥ 0
−1 if u∗jk < 0

(45)

Darm = sign(iarm) =

{
1 if iarm ≥ 0
−1 if iarm < 0

(46)

Ccharge = Sstate · Darm =

{
1
−1

(47)

where ujk
* is the voltage reference of arm jk (j = A, B, C and k = a, b, c), and iarm is the arm

current. Sstate represents the direction of the arm voltage, Darm denotes the direction of
the arm current, and Cchange expresses the charging/discharging state of the SM capacitor.
According to Table 1, the charging/discharging state of the capacitor is related to both the
direction of the arm voltage and the direction of the arm current. If Cchange = 1, it means
that the capacitor is in the charging state; if Cchange = −1, it means that the capacitor is in
the discharging state.

The voltages of each arm are synthesized by the SM capacitor voltages. The number
of the inserted SMs in arm jk is calculated as:

njk =

∣∣∣∣∣round(
u∗jk
Uc

)

∣∣∣∣∣ ≥ 0 (48)

where round() is the function to calculate the nearest integer; Uc denotes the rated SM
voltage capacitor.

The variation of njk between two adjacent control moments is defined as:

∆njk =

{
njk − njk,old if Sstate = Sstate,old

njk if Sstate 6= Sstate,old
(49)

where the subscript ‘old’ expresses the value at the previous control moment.
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The conventional SM voltage balancing algorithm based on sorting all capacitors’
voltages proposed in [18] is as follows:

• When the arm current charges the capacitors (Cchange = 1), njk SMs with the lowest
capacitor voltages are inserted positively or negatively according to Sstate and the
other SMs are bypassed.

• When the arm current discharges the capacitors (Cchange = −1), njk SMs with the
highest capacitor voltages are inserted positively or negatively according to Sstate and
the other SMs are bypassed.

The conventional algorithm will result in a high switching frequency since the switch-
ings of SMs are based on the SM capacitor voltages only at the present moment regardless
of the previous state of SMs.

To decrease switching frequency by avoiding unnecessary switchings, a reduced
switching frequency SM voltage balancing method is proposed as shown in Figure 5. This
optimized balancing method considers the previous state of SMs and performs incremental
switching as follows:

• If ∆njk = 0, SMs in arm jk have no switching operation at the current control moment
and directly wait for the next control moment.

• If ∆njk > 0, the number of the inserted SMs should be increased. Then, if Cchange = 1,
∆njk SMs with the lowest voltage are inserted; if Cchange = −1, ∆njk SMs with the
highest voltage are inserted. Sstate determines whether the insertion is positive or
negative.

• If ∆njk < 0, the number of the inserted SMs should be decreased. Then, if Cchange = 1,
∆njk SMs with the highest voltage are bypassed, and if Cchange = −1, ∆njk SMs with
the lowest voltage are bypassed.
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Figure 5. Reduced switching frequency SM voltage balancing method based on state sorting and
incremental switching.

5. Outer Loop Controller

The outer loop controller is required for both the input side and the output side of the
M3C. For the scenario of M3C-based offshore wind power LFAC integration, the input side
of the M3C is connected to the offshore AC system with grid-following wind turbines, and
the input side should operate in the V/f mode to provide stable AC voltage support; the
output side of the M3C is connected to the onshore AC grid, and the control target is to
maintain the SM capacitor voltage. The outer loop controller is designed according to the
reference direction as shown in Figure 1.
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5.1. Outer Loop Controller on Input Side

The input side of the M3C should operate in the V/f mode to provide stable AC
voltage support for the offshore wind farm. There are two control objectives: one is to
control the frequency of the offshore system to the rated frequency and the other is to
control the voltage amplitude of the input side AC bus constant.

The outer loop control strategy on the input side of the M3C has two significant
characteristics:

(1) PLL is no longer needed because the frequency of the offshore system is given, i.e., the
electrical angle is completely determined and the rotating speed of the dq reference
frame is fixed.

(2) Define the space vector of the AC bus voltage on the input side as uis. The outer loop
controller on the input side is used for keeping the amplitude of uis unchanged and
keeping uis aligned with the d-axis. In other words, the constant amplitude of uis
means that the voltage amplitude of the input side AC bus is constant; the alignment
of uis with the d-axis means that the voltage frequency of the input side AC bus equals
the rated frequency.

To achieve the above two points, the outer loop controller on the input side makes
uid = Uim by controlling the d-axis current reference iVd

*, and uiq = 0 by controlling the
q-axis current references iVq

*. iVd
* and iVq

* are the current references for the current tracking
controller on the input side of the M3C. Moreover, limiters are added to ensure that the
current references are within the upper limits. The upper limits vary with operating
conditions and can be simplified as: iVdmax =

√
I2
Vmmax − i2Vq(t− Tctrl)

iVqmax =
√

I2
Vmmax − i2Vd(t− Tctrl)

(50)

where IVmmax denotes the maximum current on the input side, which can be derived from
the rated capacity and the rated AC voltage; iVd(t − Tctrl) (or iVq(t − Tctrl)) is the d-axis (or
q-axis) current on the input side measured in the previous control period.

After considering the above factors, the structure of the outer loop controller on the
input side of the M3C is shown in Figure 6.
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5.2. Outer Loop Controller on the Output Side

The instantaneous active power pos and the instantaneous reactive power qos on the
M3C output side can be expressed as:[

pos
qos

]
=

[
uod uoq
uoq −uod

][
ivd
ivq

]
(51)

In the steady state, the q-axis component of the output side system voltage uoq is 0,
and the d-axis component of the output side system voltage uod is equal to the system
voltage amplitude Uom. Thus, (51) can be rewritten as:

pos = uodivd = Uomivd (52)
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qos = −uodivq = −Uomivq (53)

The control objectives of the outer loop controller on the output side are divided into
two categories, including the active power control objective and the reactive power control
objective:

(1) The reference of the active power control is the average capacitor voltage of all SMs
Uc,ave

*; from the perspective of energy balance, this side behaves as a power balance
station.

(2) Either the reactive power Qos
* or the AC voltage amplitude Uom

* on the output side
is the reference of the reactive power control.

The outputs of the outer loop controller on the output side are the d- and q-axis current
references ivd

* and ivq
* for the current tracking controller on the output side. When the

vector current control is adopted, the active power control loop and the reactive power
control loop can be decoupled.

5.2.1. Active Power Control Loop

The active power control loop has to maintain the SM capacitor voltage as shown in
Figure 7. Moreover, considering that the M3C cannot be overloaded, the output ivd

* of the
active power control loop shall be limited. The upper limit ivdmax can be calculated as:

ivdmax =
√

I2
vmmax − i2vq(t− Tctrl) (54)

where Ivmmax denotes the maximum current on the output side; ivq(t − Tctrl) is the q-axis
current on the output side measured in the previous control period.
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5.2.2. Reactive Power Control Loop

In accordance with (53), ivq
* can be directly calculated when Qos

* is given; yet to elimi-
nate the steady-state error, the negative feedback of the reactive power by the PI controller
is required. Therefore, the reactive power control loop with given Qos

* is illustrated in
Figure 8a. Figure 8b represents the reactive power control loop with prescribed Uom

*. In
addition, the output ivq

* of the reactive power control loop should be limited to avoid the
overload of the M3C. Analogously, the upper limit ivqmax is given by:

ivqmax =
√

I2
vmmax − i2vd(t− Tctrl) (55)

where ivd(t − Tctrl) is the d-axis current on the output side measured in the previous
control period.
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6. Case Study

To verify the effectiveness of the proposed control strategy of the M3C, the elec-
tromagnetic transient simulation model of the M3C-based offshore wind power LFAC
transmission system is established in PSCAD/EMTDC. The structure of the simulation
model is shown in Figure 9 and the main circuit parameters are listed in Table 2. The
detailed PSCAD/EMTDC models of the main circuit, the outer loop controller, and the
inner loop controller of the M3C are shown in Figures A1–A3 in Appendix A.
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Table 2. Main circuit parameters of test system.

Items Parameters Values

M3C

Transformer rated capacity 330 MVA
Transformer rated ratio 220 kV/97.5 kV

Transformer leakage inductance 0.15 p.u.
M3C rated power 300 MW

Number of SMs per arm 111
Rated SM capacitor voltage 1.66 kV

SM capacitance 18000 µF
Input-side rated frequency 20 Hz

Output-side rated frequency 50 Hz

Submarine cable

Line resistance 26.8 mΩ/km
Line inductance 0.395 mH/km
Line capacitance 0.167 µF/km

Length 100 km
High-voltage reactor capacity 2 × 35 Mvar

Boosting transformer
Rated capacity 330 MVA

Rated ratio 220 kV/35 kV
Leakage inductance 0.105 p.u.

Aggregated wind turbine Rated power 300 MW
Rated AC voltage 35 kV

In the test system, the input side of the M3C is connected to the offshore AC system.
Thus, the input side of the M3C is operating in the V/f mode to establish the offshore AC
voltage so that the wind turbine can work in the grid-following mode. The output side of
the M3C is connected to the onshore AC grid. The goal of maintaining the SM capacitor
voltage is accomplished by the output side of the M3C. Moreover, the output side of the
M3C controls the reactive power output to the onshore grid as 0.

6.1. Characteristics of Reduced Switching Frequency SM Voltage Balancing Method

To verify the reduced switching frequency SM voltage balancing method, the voltage
of the SMs in arm Aa is compared under the optimized balancing method in Figure 10a
and the conventional balancing method in Figure 10b. The instantaneous maximum
value, the instantaneous average value, and the instantaneous minimum value of all SM
capacitor voltages in arm Aa are denoted as ucAa_max, ucAa_ave, and ucAa_min, respectively.
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Figure 11a,b compare the gate signals of one SM in arm Aa under different balancing
methods. The average switching frequency of a single SM can be calculated as:

fsw_ave =
Nswitch

NSM
(56)

where Nswitch denotes the sum of switching times per second of all SMs in one arm. Both
switching-on and switching-off are counted in Nswitch. NSM is the number of SMs per arm.
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As shown in Figure 10a,b, the average SM voltages of both methods are stable. With the
conventional method, the voltage of all SMs in one arm is highly consistent as in Figure 10b,
but the average switching frequency f sw_ave is very high (4223 Hz in Figure 11b). In
comparison, the average switching frequency f sw_ave with the proposed reduced switching
frequency method is much lower (93 Hz in Figure 11a) and the SM voltages are also
well balanced.

To reduce the switching frequency caused by the SM voltage balancing method, the SM
voltage ripple will inevitably increase. It is true that the higher the switching frequency is,
the more consistent the SM capacitor voltages are. However, the high switching frequency
leads to high switching losses, which defects the economic benefit of the M3C project. In
fact, excessive consistency of the SM voltages is not necessary, as long as the following two
requirements of the SM capacitor voltage can be satisfied:

(1) The SM capacitor voltage should keep balanced, i.e., the average voltage of all SM
capacitors does not deviate too much from the rated value.

(2) The maximum SM capacitor voltage should be within the upper limit voltage of the
SM capacitor (usually 1.2 times the rated SM voltage).

It is observed from simulation results that these two requirements can be met with the
proposed reduced switching frequency method, which means that the negative impact on
the SM capacitor voltage ripple is acceptable.

In practical engineering, the aforementioned two requirements can be achieved by the
selection of the SM capacitor and the rated SM voltage. Thus, higher fluctuation in the SM
capacitor voltage within the allowable voltage range is not a severe problem.

The above comparisons are summarized in Table 3.

Table 3. Comparison of proposed method and conventional method.

Method Type Algorithm Complexity Maximum SM
Voltage Ripple

Average Switching
Frequency

SM voltage balancing method based on
sorting all capacitors’ voltages Higher 1.04 p.u. 4223 Hz *

Reduced switching frequency SM voltage
balancing method based on state sorting

and incremental switching
Lower 1.17 p.u. 93 Hz *

* The average switching frequency of the reduced switching frequency method is much lower than the SM voltage
balancing method based on sorting all capacitors’ voltages.

6.2. Wind Speed Fluctuation

After the simulation model enters the steady-state operation, the active power gen-
erated by the wind farm drops from 1.0 p.u. to 0.8 p.u. at t = 4.0 s due to the wind speed
fluctuation. The response characteristics of the M3C are shown in Figure 12.

It can be seen from Figure 12 that after the input power from the wind farm drops, the
whole system can smoothly transition to a stable operating state, and the active power at
the low-frequency side and the power frequency side of M3C will decrease steadily. The
SM capacitor voltage can keep balanced, and the maximum SM capacitor voltage decreases
a little when the transmitted active power drops. The output side of the M3C controls the
output reactive power at its reference, which is set as 0. Thus, the reactive power output to
the onshore grid Qos is 0. Because the input side of the M3C operates in the V/f mode to
establish the offshore AC voltage, the input side of the M3C functions as a power balancing
bus for the low-frequency AC network, and the reactive power absorbed from the input
side Qis is about 11 Mvar in the steady state.
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6.3. Offshore Side Fault

The system entered the steady state before the fault. Assuming that a solid three-
phase-to-ground fault at the M3C offshore side AC bus occurs at 4.0 s and lasts 100 ms, the
system responses are plotted in Figure 13.
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Figure 13. System responses to the offshore side fault: (a) voltage on input side; (b) voltage on output 
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Figure 13. System responses to the offshore side fault: (a) voltage on input side; (b) voltage on
output side; (c) current on input side; (d) current on output side; (e) input and output powers; and
(f) instantaneous maximum, average, and minimum values of SM capacitor voltages in arm Aa.

When the fault occurs, the AC bus voltage on the M3C offshore side drops to 0
instantaneously, and the active power transmission from the offshore wind farm is blocked.
Due to the SM capacitor voltage control, the active power transmitted to the onshore grid
also drops to 0 during the fault to maintain the SM capacitor voltage. When the fault is
cleared, the AC voltage recovers and the active power transmission resumes. The SM
capacitor voltages do not deviate too much from the rated value during the fault and
recover quickly when the fault is cleared.

7. Conclusions

A control strategy with a novel SM voltage balancing method of the M3C is proposed
in the paper. The conclusions are summarized as follows:
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(1) The ninth order mathematical model of the M3C is derived based on the extended
MMC topology and the multiple αβ0 and dq transformations, making the M3C equiv-
alent to two decoupled MMCs on the input side and the output side. The detailed
equations of the current tracking controller are deduced in the dq reference frame and
the circulating current suppressing controller is designed in the αβ0 reference frame.
The outer loop controller is proposed for the scenario of offshore wind power LFAC
integration based on M3C.

(2) A reduced switching frequency SM voltage balancing method of the M3C is pro-
posed based on three characteristic variables and the NLC, which not only meet the
requirements of SM capacitor voltage balance but also immensely reduce switch-
ing frequency. Simulation results in PSCAD/EMTDC verify the availability of the
proposed control strategy.
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