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Abstract A fractional frequency transmission system

(FFTS) is a promising solution to offshore wind power

integration, for which the hexagonal modular multilevel

converter (Hexverter) is an attractive choice for power

conversion. The Hexverter has recently been proposed to

directly connect two three-phase systems of different fre-

quencies and voltage amplitudes, with only six branches in

the FFTS in that case. This paper examines for the first

time the control scheme of the Hexverter when applied to

offshore wind power integration via a FFTS. Firstly, the

frequency-decoupled mathematical model of the Hexverter

is deduced by introducing the double dq transformation.

Then the branch energy of the Hexverter is analyzed in

detail and the reactive power constraint equation is

obtained. The corresponding control scheme is thoroughly

discussed, including the inner loop current control, the

outer loop voltage control in both grid-connected mode and

passive mode, and a novel optimization method to mini-

mize the circulating current in the Hexverter. Finally, a

simulation model of offshore wind power integration via a

4-terminal FFTS based on the Hexverter is built in

MATALB/Simulink to verify the feasibility of Hexverter

and the effectiveness of the control scheme proposed in this

paper.

Keywords Hexagonal modular multilevel converter
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1 Introduction

Offshore wind power is regarded as a promising solution

to the worldwide energy crisis, and its integration has

attracted much research attention. Because of the large

charging current along the submarine cable, conventional

50/60 Hz HVAC transmission technology is restricted to a

short transmission distance as well as low transmission

efficiency. As for HVDC transmission systems, a high-

voltage AC/DC converter station must be built on or under

the sea. Besides, DC power conversion and circuit breaker

technology is at an early stage of development, inevitably

causing high construction cost.

Consequently the fractional frequency transmission sys-

tem (FFTS) [1–4], sometimes also called the low frequency
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alternating current (LFAC) [5–8] transmission system, pro-

vides a new scheme to solve these problems. In the proposed

FFTS solution, the offshore wind farm and the offshore

transmission system work at a relatively low frequency and

connect to the industrial frequency grid via a full-size

onshore AC/AC converter. Two main advantages can be

expected in this solution: firstly, the charging current is

greatly reduced due to the low frequency; secondly, only

one onshore AC/AC converter station is required, thus the

technical and economic performance can be greatly

improved compared to HVDC and HVAC solutions.

As the key equipment for power conversion, the high-

voltage high-power AC/AC converter plays the most

important role in a FFTS. The modular multilevel matrix

converter (M3C) was proposed by Erickson and Al-Naseem

in 2001 [9]. It replaces the half-bridge cells of the branch

submodules (SMs) in a modular multilevel converter

(MMC) with full-bridge cells and can directly connect two

three-phase AC systems of different frequencies and volt-

age amplitudes without a central DC-link. Fundamental

research on the M3C has been conducted based on mod-

eling and experimentation [10–14]. The M3C retains the

advantages of easy scalability and high power quality that

the MMC has due to its modular design. However, the M3C

requires 9 branches to achieve power conversion and each

branch consists of n SMs; thus, M3C topology has short-

comings of larger volume, higher cost and the potential for

lower reliability due to the larger number of components.

Moreover, the M3C topology provides many circulating

current paths and the suppression strategy for these can be

complicated.

Baruschka and Mertens [15] proposed a new three-phase

direct AC/AC modular multilevel converter with 6 bran-

ches in hexagonal configuration in 2011 and named it the

Hexverter. Subsequent studies on the Hexverter mainly

focus on its branch energy control based on adjacent

compensating power [16–18]. Reference [19] presents a

simplified qualitative comparison of previously presented

cascaded multilevel converter topologies for AC/AC con-

version, with particular emphasis on motor drive applica-

tions. It draws the conclusion that the back-to-back

connected MMC operates best at synchronous speed,

whereas the M3C and Hexverter are better suited for low-

frequency output. It is also shown in [20] that the Hexverter

system offers superior performance for low-frequency

wind turbines. Furthermore, compared with back-to-back

connected MMC and M3C, only 6 branches are required for

the Hexverter to directly connect two three-phase systems;

hence, the equipment volume and cost are significantly

reduced.

For these reasons, this paper focuses on the control

scheme of the Hexverter when applied to offshore wind

power integration via FFTS. Firstly, the decoupled math-

ematical model of the Hexverter is deduced by introducing

the double dq transformation in Section 2. Then the branch

energy of the Hexverter is analyzed in detail in Section 3

and the reactive power constraint equation is obtained. The

corresponding control scheme is thoroughly discussed in

Section 4, including the inner loop current control, the

outer loop power control in both grid-connected mode and

passive mode, and a novel circulating current optimization

method. Section 5 describes the construction of a simula-

tion model of offshore wind power integration via a

4-terminal FFTS based on the Hexverter using MATALB/

Simulink. This verifies the feasibility of the Hexverter and

the effectiveness of the control scheme proposed in this

paper.

2 Topology and mathematical model of Hexverter

2.1 Topology of Hexverter

Figure 1 shows the circuit configuration of the Hex-

verter. It consists of 6 branches and each branch contains

n series-connected SMs, an inductor L and an equivalent

resistance R. Each SM consists of an IGBT-based single-

phase full bridge together with a capacitor as the dc voltage

source. The Hexverter connects two three-phase AC sys-

tems. As shown in Fig. 1, Vu, Vv, Vw, and iu, iv, iw represent

the three-phase voltage and current respectively of the

industrial frequency (IF) system (or the source side system)

with frequency of fs; Va, Vb, Vc, and ia, ib, ic represent the

three-phase voltage and current respectively of the frac-

tional frequency (FF) system (or the load side system) with

frequency of fl. The branches are named after the terminals

they connect, such as branch u-a in Fig. 1. The series-

connected SMs in each branch can be considered as con-

trollable voltage sources, represented by Vbk, k = 1, 2,…, 6.

2.2 Mathematical model of Hexverter

Define the voltage between the connected systems’

neutral points as VNO and the circulating current as Icir.

Applying Kirchhoff’s voltage and current laws to Fig. 1

obtains:
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Vu ¼ Rþ L
d

dt

� �
ib1 þ Vb1 þ Va þ VNO

Vv ¼ Rþ L
d

dt

� �
ib3 þ Vb3 þ Vb þ VNO

Vw ¼ Rþ L
d

dt

� �
ib5 þ Vb5 þ Vc þ VNO

Va ¼ Rþ L
d

dt

� �
ib2 þ Vb2 þ Vv � VNO

Vb ¼ Rþ L
d

dt

� �
ib4 þ Vb4 þ Vw � VNO

Vc ¼ Rþ L
d

dt

� �
ib6 þ Vb6 þ Vu � VNO

8>>>>>>>>>>>>>>>>>>>>>><
>>>>>>>>>>>>>>>>>>>>>>:

ð1Þ

ib1 ¼ ib6 þ iu

ib3 ¼ ib2 þ iv

ib5 ¼ ib4 þ iw

ib2 ¼ ib1 � ia

ib4 ¼ ib3 � ib

ib6 ¼ ib5 � ic

8>>>>>>>>><
>>>>>>>>>:

ð2Þ

Adding together the equations in (1) cancels many

voltage terms, leaving:

6 Rþ L
d

dt

� �
Icir þ

X6
k¼1

Vbk ¼ 0 ð3Þ

where

Icir ¼
1

6

X6
k¼1

ibk ð4Þ

The following equations can be obtained when the IF

system and the FF system are both three-phase three-wire

symmetrical AC systems:

Vu þ Vv þ Vw ¼ 0

iu þ iv þ iw ¼ 0

Va þ Vb þ Vc ¼ 0

ia þ ib þ ic ¼ 0

8>>><
>>>:

ð5Þ

Subtracting the last three equations of (1) from the first

three equations:

ðVb1 þ Vb3 þ Vb5Þ � ðVb2 þ Vb4 þ Vb6Þ þ 6VNO ¼ 0 ð6Þ

From (1) and (2) we can see that the branch voltage and

current are coupled with components of both the IF and the

FF systems. Besides, the voltage and current of the 6

branches affect each other through the circuit connection.

It’s unmanageable to design the control strategy aiming at

only one branch. Thus, in the following derivation,

Branches 1, 3, 5 are combined in one group (represented

by the subscript ‘‘1’’), while Bridges 2, 4, 6 are combined

in another group (represented by the subscript ‘‘2’’), then

applying the coordinate transformation to the two groups

respectively.

The ab0 transformation matrix of Cab0 is defined by:

Cab0 ¼
ffiffiffi
2

3

r 1 �1=2 �1=2

0
ffiffiffi
3

p �
2 �

ffiffiffi
3

p �
2

1
� ffiffiffi

2
p

1
� ffiffiffi

2
p

1
� ffiffiffi

2
p

2
64

3
75 ð7Þ

Applying the ab0 transformation to the three-phase

voltage expression of the IF system and the FF system in

(1) respectively gives

Vsa ¼ Riba1 þ L
diba1

dt
þ Vba1 þ Vla

Vsb ¼ Ribb1 þ L
dibb1

dt
þ Vbb1 þ Vlb

Vso ¼ Ribo1 þ L
dibo1

dt
þ Vbo1 þ

ffiffiffi
3

p
VNO

8>>>>><
>>>>>:

ð8Þ

Vla ¼ Riba2 þ L
diba2

dt
þ Vba2 �

1

2
Vsa þ

ffiffiffi
3

p

2
Vsb

Vlb ¼ Ribb2 þ L
dibb2

dt
þ Vbb2 �

ffiffiffi
3

p

2
Vsa �

1

2
Vsb

Vlo ¼ Ribo2 þ L
dibo2

dt
þ Vbo2 �

ffiffiffi
3

p
VNO

8>>>>>><
>>>>>>:

ð9Þ

Throughout this paper, the lowercase letter subscripts of

voltage and current are u, v, w, and s for the IF system, and

a, b, c, and l for the FF system.

Applying the ab0 transformation to (3), (4), (6)

respectively gives

ibo1 ¼ ibo2 ¼
ffiffiffi
3

p
Icir

Rþ L
d

dt

� �
ðibo1 þ ibo2Þ þ ðVbo1 þ Vbo2Þ ¼ 0

Vbo1 � Vbo2 þ 2
ffiffiffi
3

p
VNO ¼ 0

8>>>><
>>>>:

ð10Þ

Replacing the ab0 components of branch current by the

components of the two AC systems’ currents.

iba1 ¼ c1isa � c2isb þ c1ila þ c2ilb

ibb1 ¼ c2isa þ c1isb � c2ila þ c1ilb

ibo1 ¼ ibo2

8><
>: ð11Þ

iba2 ¼ c1isa � c2isb þ c1ila þ c2ilb

ibb1 ¼ c2isa þ c1isb � c2ila � c1ilb

ibo2 ¼ ibo1

8><
>: ð12Þ

where c1 ¼ 1
2
, c2 ¼ 1

2
ffiffi
3

p throughout this paper.

The branch voltage expressions can be obtained by

substituting (11) and (12) into (8) and (9).
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Vba1 ¼ Vsa � Rþ L
d

dt

� �
ðc1isa � c2isbÞ|fflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl}

fs

� Rþ L
d

dt

� �
ðc1ilaþc2ilbÞ � Vla|fflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl}

fl

Vbb1 ¼ Vsb � Rþ L
d

dt

� �
ðc1isb þ c2isaÞ|fflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl}

fs

� Rþ L
d

dt

� �
ðc1ilb � c2ilaÞ � Vlb|fflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl}

fl

Vbo1 ¼ �Ribo1 � L
dibo1

dt
�

ffiffiffi
3

p
VNO

8>>>>>>>>>>>>>>>>>>>>>>>>>>><
>>>>>>>>>>>>>>>>>>>>>>>>>>>:

ð13Þ

Vba2 ¼ Vla � Rþ L
d

dt

� �
ð�c1ila þ c2ilbÞ|fflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl}

fl

� Rþ L
d

dt

� �
ðc1isa � c2isbÞ þ c1Vsa � 3c2Vsb|fflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl}

fs

Vbb2 ¼ Vlb � Rþ L
d

dt

� �
ð�c1ilb � c2ilaÞ|fflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl}

fl

� Rþ L
d

dt

� �
ðc1isb þ c2isaÞ þ c1Vsb þ 3c2Vsa|fflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl}

fs

Vbo2 ¼ �Ribo2 � L
dibo2

dt
þ

ffiffiffi
3

p
VNO

8>>>>>>>>>>>>>>>>>>>>>>>>>>><
>>>>>>>>>>>>>>>>>>>>>>>>>>>:

ð14Þ

As shown in (13) and (14), there are two components

with different frequencies fs and fl in the branch voltage.

To decouple the fs and fl components in the branch

voltage, this paper introduces the double dq

transformation which transforms both fs and fl
components in the branch voltage to their respective

dq coordinates.

The double dq transformation matrices are defined by

Cdq s ¼
cosxst sinxst

� sinxst cosxst

� �

Cdq l ¼
cosxlt sinxlt

� sinxlt cosxlt

� �
8>>><
>>>:

ð15Þ

where xs and xl are the angular frequencies of the two AC

systems.

For corresponding fs and fl components, pre-multiplying

(13) and (14) by Cdq_s or Cdq_l transforms ab to dq.

Vbsd1

Vbsq1

� �
¼

Vsd

Vsq

� �
� Rþ L

d

dt

� �
A� xsLB

	 

isd

isq

� �

Vbld1

Vblq1

� �
¼ �

Vld

Vlq

� �
� 3 Rþ L

d

dt

� �
A�1 þ 3xlLB

�1

	 

ild

ilq

� �

Vbsd2

Vbsq2

� �
¼ 3

ffiffiffi
3

p
B�1

Vsd

Vsq

� �
� Rþ L

d

dt

� �
A� xsLB

	 

isd

isq

� �

Vbld2

Vblq2

� �
¼

Vld

Vlq

� �
þ Rþ L

d

dt

� �
Aþ xlLB

	 

ild

ilq

� �

8>>>>>>>>>>>>><
>>>>>>>>>>>>>:

ð16Þ

where A ¼ c1 �c2
c2 c1

� �
; B ¼ c2 c1

�c1 c2

� �
.

The branch zero sequence voltage expression can be

obtained from (13) and (14).

Vbo1 ¼ �Ribo1 � L
dibo1

dt
�

ffiffiffi
3

p
VNO

Vbo2 ¼ �Ribo2 � L
dibo2

dt
þ

ffiffiffi
3

p
VNO

8><
>: ð17Þ

This completes the derivation of frequency-decoupled

voltage equations for the six branches of the Hexverter in

dq0 coordinates.

3 Branch power analysis of Hexverter

Without loss of generality, set the three phase voltage

and current of the IF system and the FF system as:

Vu ¼ Vsm cos xstð Þ

Vv ¼ Vsm cos xst �
2p
3

� �

Vw ¼ Vsm cos xst þ
2p
3

� �

iu ¼ Ism cos xst � hð Þ

iv ¼ Ism cos xst � h� 2p
3

� �

iw ¼ Ism cos xst � hþ 2p
3

� �

8>>>>>>>>>>>>>>>>>><
>>>>>>>>>>>>>>>>>>:

ð18Þ

Va ¼ Vlm cos xltð Þ

Vb ¼ Vlm cos xlt �
2p
3

� �

Vc ¼ Vlm cos xlt þ
2p
3

� �

ia ¼ Ilm cos xlt � uð Þ

ib ¼ Ilm cos xlt � u� 2p
3

� �

ic ¼ Ilm cos xlt � uþ 2p
3

� �

8>>>>>>>>>>>>>>>>>><
>>>>>>>>>>>>>>>>>>:

ð19Þ
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where Vsm and Ism are the voltage and current amplitudes of

the IF system; Vlm and Ilm are the voltage and current

amplitudes of the FF system; and h and u are the initial

phase angles between the current and voltage of the

systems.

Compared to the whole branch voltage, the voltage drop

across the branch resistance R and the inductor L is neg-

ligible. Substituting (18) and (19) into (1) and (2), the

branch voltage and current can be derived as follows:

Vbk ¼ Vsm cosðxst �
k þ 1þ 2ð�1Þk

3
pÞþ

Vlm cosðxlt þ a� k � 2ð�1Þk

3
pÞ � VNOð�1Þk

ibk ¼
1ffiffiffi
3

p ½Ism cosðxlt � h� 2k þ 2� ð�1Þk

6
pÞþ

Ilm cosðxlt þ a� u� 2k þ 6þ ð�1Þk

6
pÞ� þ Icir

8>>>>>>>>>>>><
>>>>>>>>>>>>:

ð20Þ

Multiplying Vbk by ibk yields the branch power, which

contains components with specific frequencies as shown in

Table 3.

A stable operation of the Hexverter is only possible with

no constant term in the branch power as it would lead to a

continuous charging or discharging of the SMs’ dc links

and this would ultimately lead to a system breakdown.

R L

N

O

ib4
w

c

u

a

v

b

branch u-a

ib5

ib3

ib2

ib1

ib6

Vb3

Vb6

Vb5Vb4

Vb2

ib ic

iv iu

VNO

Vb Vc

Va

ia

Vv Vu

iw

Vw

Icir

Fig. 1 Main circuit configuration of Hexverter

Fig. 2 Overview of the control scheme of Hexverter system

(a) (b)

Fig. 4 Outer loop voltage control

(a) (b)

(c) (d)

Fig. 3 Diagram of inner loop current control
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According to the calculation results in ‘‘Appendix A’’, the

constant component in the branch power is

Pbk const ¼
1

6
ðPs � PlÞ þ ð�1Þk

ffiffiffi
3

p

18
ðQs þ QlÞ � VNOIcir

� �

ð21Þ

where Ps and Qs are the active and reactive power of the IF

system; and Pl and Ql are the active and reactive power of

the FF system.

The first part of (21) describes the active power differ-

ence between the two systems and this difference is

approximately 0 when the converter power loss is neglec-

ted. The second part depends on the systems’ reactive

power, and in actual operation, Qs?Ql=0 cannot be guar-

anteed. Hence, the following constraint must be satisfied:ffiffiffi
3

p

18
ðQs þ QlÞ � VNOIcir ¼ 0 ð22Þ

4 Control scheme of Hexverter system

Figure 2 shows the overview of the control scheme used

for the Hexverter system. It is characterized by a hierar-

chical structure consisting of the following three control

processes.

1. Inner loop current control.

2. Outer loop voltage control in both grid-connected

mode and passive mode.

3. Circulating current optimization control.

Inner loop current control receives current commands

produced by outer loop voltage control and generates the

voltage commands for all of the branch SMs. The simu-

lation model in Section 5 applies phase-shift pulse-width

modulation (PS-PWM) to communicate the voltage com-

mands. Each of the voltage commands is compared with its

corresponding triangular carrier waveform, generating gate

signals.

4.1 Inner loop current control

The inner loop current controller is designed as shown in

Fig. 3. These current controllers can be easily derived from

(16).

4.2 Outer loop voltage control

The outer loop voltage controller in both grid-connected

mode and passive mode is shown in Fig. 4.

4.2.1 Grid-connected mode

In the grid-connected mode, the FF side has strong grid

support and Hexverter is primarily used to achieve power

conversion between the FF side and the IF side. The outer

loop voltage control methods of the Hexverter in an FFTS-

integrated wind power system are similar to those of the

converter station in an HVDC system. Detailed derivation

will not be presented here since such methods have been

widely used in various devices and can be easily found in

other References [21, 22]. Source-side active power control

is governed by:

i�sd ¼ KPðP�
s � PsÞ þ KI

Z
ðP�

s � PsÞdt ð23Þ

where Ps and Ps
* are the actual and set values, respectively,

for the source side system active power.

Source-side voltage control is governed by:

i�sq ¼ KPðV�
s � VsÞ þ KI

Z
ðV�

s � VsÞdt ð24Þ

where Vs and Vs
* are the actual and set values for the source

side system line voltage RMS.

labci
abcuFabci

Cabci

Hexverter

Isolation
transformer

Fig. 5 Current flow from offshore wind farm to the grid

Fig. 6 Flow diagram for calculating optimal branch voltages for

circulating current optimization control
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Load-side DC capacitor average voltage control is

governed by:

i�ld ¼ KPðV�
dc � VdcÞ þ KI

Z
ðV�

dc � VdcÞdt ð25Þ

where Vdc and Vdc
* are the actual and set values for the sum

of dc capacitor voltages of n SMs.

Load-side voltage control:

i�lq ¼ KPðV�
l � VlÞ þ KI

Z
ðV�

l � VlÞdt ð26Þ

where Vl and Vl
* are the actual and set values for the load

side system line RMS voltage .

4.2.2 Passive mode

When offshore wind power is integrated to an industrial

grid via a FFTS, it can be considered as a negative load with

indeterminate frequency and voltage connected to the FF side

of the Hexverter. The Hexverter is used to provide busbar

voltage and frequency support. It is difficult to determine the

active and reactive power at the FF side of the Hexverter,

because the output active power of an offshore wind farm

fluctuates with wind speed and the reactive power is influ-

enced by the length of the transmission cable.Hence, the outer

loop voltage control method used for grid-connectedmode no

longer works for the Hexverter in the passive mode.

Outer loop voltage control in the passive mode uses a

filter capacitor. The current flow from an offshore wind

farm to the grid is shown in Fig. 5. iFabc is the output

current of the offshore wind farm; iCabc is the current

flowing to the filter capacitor; ilabc is the current flowing to

the Hexverter; uabc is the FF-side voltage of the Hexverter.

The following equations can be obtained from Fig. 5:

ilabc ¼ iFabc � iCabc

iCabc ¼ C
duabc

dt

8<
: ð27Þ

Pre-multiplying (27) by Cab0 and Cdq_l in sequence

yields the expression in dq coordinates:

ild
ilq

� �
¼ iFd

iFq

� �
� C

dud

dt
duq

dt

2
64

3
75� x2C

0 �1

1 0

� �
ud
uq

� �
ð28Þ

The outer loop voltage control equations for the FF side

of the Hexverter can be obtained from (28):

i�ld ¼ iFd þ x2Cuq � KP þ
KI

s

� �
ðu�d � udÞ

i�lq ¼ iFq � x2Cud � Kp þ
KI

s

� �
ðu�q � uqÞ

8>>><
>>>:

ð29Þ

To maintain the stability of the capacitor voltage of the

Hexverter and to ensure sufficient reactive power support,

the IF side of the Hexverter uses constant dc capacitor

voltage control and constant AC voltage control.

Corresponding control equations are based on the control

methods used in grid-connected mode.

Table 1 Main parameters of Hexverter 1 and Hexverter 2

Items Parameters Value

Hexverter 1 and

Hexverter 2

Number of SMs per branch 6

SM capacitor 20 mF

SM capacitor voltage 3 kV

Branch inductor 10 mH

Branch resistance 0.01 X

Filter capacitor (Hexverter 1) 20 lF

Carrier wave period 1.2 ms

IF AC system Frequency 50 Hz

Line voltage RMS 10 kV

FF AC system Frequency 50/3 Hz

Line voltage RMS 10 kV

Table 2 Main parameters of wind turbines with PMSG

Items Parameters Value

Wind turbines Maximum power coefficient (Cp) 0.48

Optimal tip speed ratio (k) 8.1

Converter DC bus voltage 1200 V

PMSG Rated capacity 2 MW

Rated voltage 690 V

Rated frequency 50/3 Hz

Fig. 7 Schematic diagram of offshore wind power integration via a

4-terminal FFTS based on Hexverter

174 Yongqing MENG et al.

123



4.3 Circulating current optimization control

To reduce the power loss in the Hexverter, and to

maximize the proportion of effective current flowing

through the IGBT and therefore the power transfer capa-

bility of the Hexverter, the circulating current Icir should be

controlled to its minimum value. Unlike the control

schemes presented in [17], a new circulating current opti-

mization method is proposed as follows to minimize Icir.

Combining (10) and (17) with (22) yields the constraint

equations for VNO and Icir:

Qs þ Ql

6
ffiffiffi
3

p ¼ VNOIcir

Vbo1 ¼ �
ffiffiffi
3

p
RIcir �

ffiffiffi
3

p
VNO

Vbo2 ¼ �
ffiffiffi
3

p
RIcir þ

ffiffiffi
3

p
VNO

Icir¼� Vbo1 þ Vbo2

2
ffiffiffi
3

p
R

8>>>>>>>><
>>>>>>>>:

ð30Þ

To facilitate tracking control, VNO and Icir are the DC

variables in this paper. According to the first equation of

(30), when Qs ? Ql is equal to 0, the control objectives can

be set as VNO = 0 and Icir = 0. However, in most cases in

order to meet the voltage regulation and reactive power

demand of the IF side and FF side systems, Qs ? Ql is not

equal to 0. Therefore, Icir can be minimized by setting the

absolute value of VNO as its maximum value or,

equivalently, setting the absolute value of Vbo1?Vbo2 as

its minimum value, according to the last equation of (30)

and with the condition that the Hexverter is not causing

over modulation.

As mentioned above, PS-PWM is used in the Hexverter

in this paper and the branch voltage modulation index is

defined as:

m ¼ Vbm

V�
dc

ð31Þ

where Vbm is the branch voltage amplitude.

(a)

(b)

(c)

(d)

Fig. 9 Performance of wind turbines

(a)

(b)

(c)

Fig. 8 Performance of FFTS-integrated wind power system
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There is an amplitude limit for Vbo1 and Vbo2 to ensure

that Vbm will not exceed its maximum value, which is

denoted Vdc
* . When the modulation index m is 1, the upper

and lower limits of Vbo1 and Vbo2 are set according to:

�Vbo1m �Vbo1 �Vbo1m

�Vbo2m �Vbo2 �Vbo2m

(
ð32Þ

where

Vbo1m ¼ V�
dc �

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
V2
bsd1 þ V2

bsq1

q
þ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
V2
bld1 þ V2

blq1

q� �

Vbo2m ¼ V�
dc �

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
V2
bsd2 þ V2

bsq2

q
þ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
V2
bld2 þ V2

blq2

q� �
8><
>:

ð33Þ

Substituting the middle two equations of (30) into the

first of (33) yields

Qs þ Ql

6
ffiffiffi
3

p ¼ Vbo1 � Vbo2

2
ffiffiffi
3

p � Vbo1 þ Vbo2

2
ffiffiffi
3

p
R

¼ V2
bo1 � V2

bo2

12R
ð34Þ

Hence, the last equation of (30), (32) and (34) constitute

a constrained programming problem of a quadratic curve

on a plane, and the optimization objective is to minimize

the absolute value of Vbo1 ? Vbo2. The optimal branch

voltages may be calculated directly as shown in Fig. 6.

5 Simulation verification

5.1 Simulation model

In order to verify the feasibility of applying the Hex-

verter to offshore wind power integration via FFTS, and the

effectiveness of the proposed control scheme in two modes,
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a simulation model with 4 terminals has been developed, as

shown in Fig. 7.

In this model, the offshore wind farm is equivalent to 10

sets of directly driven wind turbines with permanent magnet

synchronous generators (PMSG) with a rated power of 2

MW, sending out voltage and current with FF of 50/3 Hz. On

the sea is an 8 MW FF load and the 110 kV power grid

transmits 10 MW of active power to it through Hexverter 2.

The 220 kV power grid guarantees power balance of the FF

side through the Hexverter 1. The main parameters of

Hexverter 1 and Hexverter 2 are listed in Table 1. To avoid

the current of the AC systems and the branch current of the

Hexverters being too small, the RMS line voltage of ac

systems on both sides of the Hexverters is set as 10 kV by the

corresponding transformers. The main parameters of the

wind turbines with PMSG are listed in Table 2.

5.2 Simulation waveforms and analysis

5.2.1 Overview of busbar voltage and active power

As shown in Fig. 8,PL is the load power consumption and

the value is 8MW; PW is the wind farm output power; PH1 is

the power transmitted from the FF side to the 220 kV grid via

Hexverter 1; and PH2 is the power transmitted from the 110

kV grid to the FF side via Hexverter 2 and the value is 10

MW. The real-time wind speed measured from a wind farm

in ‘‘Appendix B’’ is used as the simulatedwind speed and the
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simulation waveforms PW and PH1, fluctuate consistently as

the wind speed changes. Since Hexverter 1 provides voltage

and frequency support, the FF side busbar voltage and fre-

quency are stable at 110 kV and 16.67 Hz respectively. The

simulation results have verified the feasibility of applying the

Hexverter to offshore wind power integration via a FFTS.

5.2.2 Wind farm performance

As shown in Fig. 9, the wind farm output frequency

stabilizes at 16.67 Hz and the converter dc bus voltage of

each wind turbine is regulated to the set value of 1200 V.

As the wind speed changes, the tip speed ratio fluctuates

between 7.7 and 8.3, while the maximum power coefficient

is regulated at 0.48. The simulation results indicate that the

wind turbines in this FFTS-integrated wind power system

based on Hexverters can work in a steady state and respond

effectively as the wind speed changes.

5.2.3 Performance of Hexverter

Figures 10 and 11 show a series of simulation waveforms

for Hexverter 1 in passive mode and Hexverter 2 in grid-

connected mode respectively. From Fig. 10(a)-(b) and

Fig. 11(a)-(b), it can be seen that both the IF side and the FF

side have good power quality with purely sinusoidal voltage

and current in the two modes. Fig. 10(c) and Fig. 11(c) pre-

sent the voltage of branch u-a of Hexverter 1 and Hexver-

ter 2 respectively, which are multilevel PWM waveforms

consisting of components of 50 Hz and 50/3 Hz. The

waveforms of Fig. 10(d) and Fig. 11(d) confirm that the

branch dc capacitor voltage is well regulated to the set value

of 18 kV (3 kV96). Current tracking of both sides in the two

modes is presented in Fig. 10(e)-(f) and Fig. 11(e)-(f). Since

Hexverter 1 works in the passive mode and serves to main-

tain the active power balance, its active currents isd and ild
fluctuate when the output power of the wind farm changes,

whereas both sides of Hexverter 2 have stable current

waveforms becauseHexverter 2works in the grid-connected

mode. The last simulation waveforms in Fig. 10 and Fig. 11

indicate that the reactive power constraint expressed in (22)

is well satisfied through the circulating current optimization

control method proposed in Section 4.

6 Conclusion

A fractional frequency transmission system is a promising

solution for offshore wind power integration, in the context of

the global energy crisis, and the Hexverter is a competitive

high-power direct AC/AC converter for FFTS compared to the

existingMMCandM3C.This paper is thefirst presentation of a

control scheme for the Hexverter applied to offshore wind

power integration via FFTS. A frequency-decoupled mathe-

matical model of the Hexverter is deduced in detail by intro-

ducing the double dq transformation. The reactive power

constraint equation for the stable operation of Hexverter is

determined based on branch energy analysis. The corre-

sponding control scheme is thoroughly discussed, including

the inner loop current control, the outer loop power control in

both grid-connectedmode andpassivemode, aswell as a novel

optimization method to minimize circulating currents in the

Hexverter. The feasibility of applying the Hexverter to off-

shore wind power integration and the effectiveness of the

control scheme proposed in this paper are verified by a

MATALB/Simulink simulationmodel of offshorewind power

integration via a 4-terminal FFTS based on the Hexverter.

Future research should address low voltage ride-through

control and stability analysis of the Hexverter to guarantee the

stable operation of this offshore fractional frequency wind

power system based on the Hexverter. Since the research

results proposed in this paper are confirmed by a simulation

model, experimental verification is also left for future work.
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Appendix A

The amplitudes of branch voltage components are

shown in Table A1.

Table A1 Amplitudes of branch voltage components with specific frequencies

Frequency Amplitude

xs þ xl 1
6

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
3V2

smI
2
lmþ3V2

lmI
2
sm � 4

3
PsPl � 4

3
QsQl � 4ð�1Þkffiffi

3
p ðPsQl � PlQsÞ

q

xs � xl 1
6

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
3V2

smI
2
lm þ 3V2

lmI
2
sm � 8

3
PsPl þ 8

3
QsQl

q

2xs

ffiffi
3

p

6
VsmIsm

2xl

ffiffi
3

p

6
VlmIlm
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Appendix B

The real-time wind speed measured from wind farm is

shown in Fig. B1.

References

[1] Wang X, Wang X (1996) Feasibility study of fractional fre-

quency transmission system. IEEE Trans Power Syst

11(2):962–967

[2] Wang X, Cao C, Zhou Z (2006) Experiment on fractional fre-

quency transmission system. IEEE Trans Power Syst

21(1):372–377

[3] Song Z, Wang X, Teng Y et al (2012) Optimal control study for

fractional frequency wind power system. In: Proceedings of the

2012 Asia-Pacific power and energy engineering conference

(APPEEC), Shanghai, China, 27–29 Mar 2012, 5 pp

[4] Wang X, Wei X, Meng Y (2015) Experiment on grid-connection

process of wind turbines in fractional frequency wind power

system. IEEE Trans Energy Convert 30(1):22–31

[5] Chen H, Johnson MH, Aliprantis DC (2013) Low-frequency AC

transmission for offshore wind power. IEEE Trans Power Deliv

28(4):2236–2244

[6] Miura Y, Mizutani T, Ito M et al (2013) Modular multilevel

matrix converter for low frequency AC transmission. In: Pro-

ceedings of the 2013 IEEE 10th international conference on

power electronics and drive systems (PEDS), Kitakyushu, Japan,

22–25 Apr 2013, pp 1079–1084

[7] Mau CN, Rudion K, Orths A et al (2012) Grid connection of

offshore wind farm based DFIG with low frequency AC trans-

mission system. In: Proceedings of the 2012 IEEE power and

energy society general meeting, San Diego, CA, USA, 22–26 Jul

2012, 7 pp

[8] Fischer W, Braun R, Erlich I (2012) Low frequency high voltage

offshore grid for transmission of renewable power. In: Pro-

ceedings of the 2012 3rd IEEE PES innovative smart grid

technologies Europe (ISGT Europe), Berlin, Germany, 14–17

Oct 2012, 6 pp

[9] Erickson RW, Al-Naseem OA (2001) A new family of matrix

converters. In: Proceedings of the 27th annual conference of the

IEEE industrial electronics society, Denver, CO, USA, 29 Nov-2

Dec 2001, pp 1515–1520

[10] Miura Y, Mizutani T, Ito M et al. (2013) A novel space vector

control with capacitor voltage balancing for a multilevel mod-

ular matrix converter. In: Proceedings of the 2013 IEEE ECCE

Asia Downunder, Melbourne, VIC, Australia, 3–6 Jun 2013,

pp 442–448

[11] Kammerer F, Kolb J, Braun M (2012) Fully decoupled current

control and energy balancing of the modular multilevel matrix

converter. In: Proceedings of the 2012 15th international power

electronics and motion control conference, Novi Sad, Serbia,

4–6 Sep 2012, pp 3–8

[12] Kawamura W, Akagi H (2012) Control of the modular multi-

level cascade converter based on triple-star bridge-cells

(MMCC-TSBC) for motor drives. In: Proceedings of the 2012

IEEE energy conversion congress and exposition, Raleigh, NC,

USA, 15–20 Sep 2012, pp 3506–3513

[13] Kawamura W, Hagiwara M, Akagi H (2014) Control and

experiment of a modular multilevel cascade converter based

on triple-star bridge cells. IEEE Trans Ind Appl 50(5):3536–

3548

[14] Miura Y, Inubushi K, Ito M et al (2014) Multilevel modular

matrix converter for high voltage applications: control, design

and experimental characteristics. In: Proceedings of the 40th

annual conference of the IEEE industrial electronics society,

Dallas, TX, USA, 29 Oct–1 Nov 2014, pp 4690–4696

[15] Baruschka L, Mertens A (2011) A new 3-phase AC/AC modular

multilevel converter with six branches in hexagonal configura-

tion. In: Proceedings of the 2011 IEEE energy conversion con-

gress and exposition, Phoenix, AZ, USA, 17–22 Sep 2011,

pp 4005–4012

[16] Karwatzki D, Baruschka L, von Hofen M et al (2014) Branch

energy control for the modular multilevel direct converter

Hexverter. In: Proceedings of the 2014 IEEE energy conver-

sion congress and exposition (ECCE), Pittsburgh, PA, USA,

14–18 Sep 2014, pp 1613–1622

[17] Karwatzki D, Baruschka L, von Hofen M et al (2014) Optimised

operation mode for the Hexverter topology based on adjacent

compensating power. In: Proceedings of the 2014 IEEE energy

conversion congress and exposition (ECCE), Pittsburgh, PA,

USA, 14–18 Sep 2014, pp 5399–5406

[18] Karwatzki D, Baruschka L, Mertens A (2015) Survey on the

Hexverter topology: a modular multilevel AC/AC converter. In:

Proceedings of the 2015 9th international conference on power

electronics and ECCE Asia, Seoul, Korea, 1–5 Jun 2015,

pp 1075–1082

[19] Ilves K, Bessegato L, Norrga S (2014) Comparison of cas-

caded multilevel converter topologies for AC/AC conversion.

In: Proceedings of the 2014 international power electronics

conference, Hiroshima, Japan, 18–21 May 2014,

pp 1087–1094

[20] Baruschka L, Mertens A (2013) A new three-phase AC/AC

modular multilevel converter with six branches in hexagonal

configuration. IEEE Trans Ind Appl 49(3):1400–1410

Table A1 continued

Frequency Amplitude

xs
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
I2cirV

2
sm þ 1

3
V2
NOI

2
sm � 2ð�1Þk

3
IcirVNOPs � 2

ffiffi
3

p

9
IcirVNOQs

q

xl
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
I2cirV

2
lm þ 1

3
V2
NOI

2
lm þ 2ð�1Þk

3
IcirVNOPl þ 2

ffiffi
3

p

9
IcirVNOQl

q

0 1
6
ðPs � PlÞ þ ð�1Þkð

ffiffi
3

p

18
ðQs þ QlÞ � IcirVNOÞ

Time (s)
1 2 3 4 50

6

7

8

9

10

W
in

d 
sp

ee
d 

(m
/s

)

Fig. B1 Real-time wind speed measured from wind farm

Control scheme of hexagonal modular multilevel direct converter for offshore wind power… 179

123



[21] Bian Z, Xu Z (2016) Fault ride-through capability enhancement

strategy for VSC-HVDC systems supplying for passive indus-

trial installations. IEEE Trans Power Deliv 31(4):1673–1682

[22] Li H, Liu C, Li G et al (2017) An enhanced DC voltage droop-

control for the VSC-HVDC grid. IEEE Trans Power Syst

32(2):1520–1527

Yongqing MENG received the Ph.D. degree in electrical engineering

from Xi’an Jiaotong University, Xi’an, China, in 2007. He is currently

an Assistant Professor with the School of Electrical Engineering,

Xi’an Jiaotong University. His research interests include renewable

energy system, high-voltage direct current transmission system and

fractional frequency transmission system, flexible alternative current

transmission systems (FACTS) and power quality of the grid.

Bo LIU received the B.S. degree in electrical engineering and its

automation from Zhejiang University, Hangzhou, China, in 2014. He

is currently working toward the M.S. degree at Xi’an Jiaotong

University, Xi’an, China. His research interests include the applica-

tion of modular multilevel converter in power systems and the control

strategy of fractional frequency wind power system.

Huiyong LUO received the M.S. degree in electrical engineering

from Xi’an Jiaotong University, Xi’an, China, in 2016. His research

interests include the application of modular multilevel converter in

power systems and fractional frequency wind power system control.

Shuonan SHANG received the B.S. degree in electrical engineering

and its automation from Xi’an Jiaotong University, Xi’an, China, in

2015. She is currently working toward the M.S. degree at Xi’an

Jiaotong University, Xi’an, China. Her research interests include the

control and application of modular multilevel converter in power

systems.

Haitao ZHANG received the B.S. degree in electrical engineering

and its automation from Zhejiang University, Hangzhou, China, in

2010. He is currently working toward the Ph.D. degree at Xi’an

Jiaotong University, Xi’an, China. His research interests include the

application of power electronics in power systems and fractional

frequency wind power system control.

Xifan WANG received the Graduation degree in electrical engineer-

ing from Xi’an Jiaotong University, Xi’an, China, in 1957. He is

currently with the School of Electrical Engineering, Xi’an Jiaotong

University, where he is a Professor. From September 1981 to

September 1983, he worked at the School of Electrical Engineering,

Cornell University, Ithaca, NY, USA, as a Visiting Scientist. From

September 1991 to September 1993, he worked at the Kyushu

Institute of Technology, Kitakyushu, Japan, as a Visiting Professor.

His research interests include power system analysis, generation

planning and transmission system planning, reliability evaluation,

power markets, and wind power. He has authored and coauthored ten

books, and more than 200 journal and conference papers on these

subjects. He is an Academician of the Academy of Chinese Sciences,

Beijing, China.

180 Yongqing MENG et al.

123


	Control scheme of hexagonal modular multilevel direct converter for offshore wind power integration via fractional frequency transmission system
	Abstract
	Introduction
	Topology and mathematical model of Hexverter
	Topology of Hexverter
	Mathematical model of Hexverter

	Branch power analysis of Hexverter
	Control scheme of Hexverter system
	Inner loop current control
	Outer loop voltage control
	Grid-connected mode
	Passive mode

	Circulating current optimization control

	Simulation verification
	Simulation model
	Simulation waveforms and analysis
	Overview of busbar voltage and active power
	Wind farm performance
	Performance of Hexverter


	Conclusion
	Acknowledgements
	Appendix A
	Appendix B
	References




