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Abstract—The trend of multimegawatt (Multi-MW) wind tur-
bines, especially for offshore installations, has positioned Modular
Multilevel Cascade Converters (MMCCs) as a promising solution
for Wind Energy Conversion Systems (WECSs). Additionally,
High Voltage Direct Current (HVDC) Transmission is likely
to be the preferred option for future offshore wind farms.
In both applications, Modular Multilevel Converters are an
appropriate solution due to its characteristics such as high-
voltage operation, controllability, redundancy, power quality and
reliability. This paper presents the application of the Modular
Multilevel Matrix Converter to locally interface a single wind
turbine to a medium-voltage ac point of connection. Moreover,
the Modular Multilevel Converter is proposed to link the wind
farm to the grid onshore through an HVDC transmission line.
Both converters are regulated using decoupled Vector Control
Strategies. Experimental results obtained with a 27 Modular
Multilevel Matrix Converter connected to a 30 power cell Back-
to-Back Modular Multilevel Converter are presented to validate
the effectiveness of the Proposed Control Strategies.

I. INTRODUCTION

Among all renewable energy sources, wind energy has
presented the most significant and fastest growth. The wind
power production capacity for the whole world increased from
17.4 GW in 2000 to 486.8 GW in 2016 [1]. A constant increase
in wind power capacity is predictable in the immediate future.
The European Wind Energy Association (EWEA) plan for
the coming years is to make the wind industry the most
competitive energy source, onshore by 2020 and offshore by
2030 [2].

Due to the presence of higher wind power potential and
lower environmental impact, some of the future wind power

Fig. 1: MMCCs for offshore Wind Energy Generation and
Transmission.

capacity will be installed offshore. For offshore applications,
up-scaling wind turbine dimensions, wind farm capacities,
and electrical infrastructure has become the focus of recent
research. Large wind turbines can capture more power with
less installations compared to a group of small wind turbines,
and reduce the structure cost of offshore WECSs [3]. Owing
to this fact, wind turbine nominal powers and rotor diameters
have increased approximately to 10MW-160m in 2015 [4].
The continuous increase in the power level of Wind Energy
Conversion Systems (WECSs) is driving the power electronics
technology towards MV operation. Accordingly, MV power
converters will be dominant in the next generation Multi-
MW WECSs, mainly because they offer cost-effective and
compact design [4], [5]. Modular Multilevel Cascade Con-
verters (MMCCs) are an enabling technology which has been
proposed recently for wind energy applications [6], [7], due
to their several advantages over traditional topologies such as
full modularity and easy extendability to reach high voltage



levels, redundancy, control flexibility and power quality [8].
For the transmission of power from offshore WECSs,

HVDC is gradually replacing High Voltage Alternant Current
(HVAC) due to the reactive power generated by the cables
using HVAC is considered as a limiting factor in long-
distance transmissions lines. In HVDC transmission systems
for wind farms, the converter topologies are either current-
source converters (CSCs) or voltage-source converters (VSCs).
CSCs are used for power ratings over 100 MW, and it is
mature technology regarding cost and reliability. For instance,
line-commuted CSCs have been applied for offshore wind
farms [9]. However, VSCs have been preferred over CSCs
because of its capability to control active and reactive power
independently, the possibility of connecting to weak grids
and feasibility of operating multiterminal DC grids [10].
Recently, MMCC topologies has been proposed for HVDC
wind farm [9]. Among the advantages of MMCCs over other
VSC topologies for HVDC applications stand out [10] its
modularity and scalability, MMCs can reach higher power
ratings using standard semiconductors technology; its high
efficiently and low distorted output voltages, as a consequence
small filters are required to meet the grid codes.

In this context, this paper present an Vector Control Strategy
for Wind Energy Generation and Transmission systems based
on MMCCs. As shown in Fig. 1, this proposal considers
the application of the Modular Multilevel Matrix Converter
(M3C) to locally interface a single wind turbine to a medium-
voltage ac (MVAC) point of connection. Additionally, the
Modular Multilevel Converter (M2C) is proposed to link the
wind farm to the grid onshore through an HVDC transmission
line. Both converters are controlled using an vector control
system. This full based MMCCs configuration results in an
high power density. For example, the MMCCs can be operated
to synthesise frequencies to reduce the size of transformers
and floating capacitors. Experimental results obtained with an
27 power cells M3C connected to a 30 power cell Back-to-
Back M2C are presented to validate the effectiveness of the
proposed control strategy.

II. MODULAR MULTILEVEL CONVERTERS

MMCCs are a relatively new family of power converters
proposed initially for HVDC transmission [11]. The MMCC
family is characterised by a cascade connection of power
cells forming a cluster. These power cells are usually single-
phase Full-Bridges or bidirectional choppers, and the converter
voltage rating can be easily enlarged by increasing the number
of cells per cluster. The capacitor voltage of each power cell is
floating and could charge-discharge during the operation of the
converter. Therefore, one of the most important control aims
is to maintain the voltage in each capacitor within an accept-
able range, particularly for variable-speed operation. Different
connection of clusters and power cells, i.e. choppers or full-
bridges, lead to different MMCCs topologies. A complete
overview of the MMCC family is presented in [8].

The most well suited topologies for ac-to-ac applications
are the M2C and the M3C [8]. The M2C performs dc-to-ac

conversion and it comprises 6 clusters composed of chopper
cells connected in series to an inductor. As shown in Fig. 2a,
Back-to-Back M2Cs connected by their dc ports are needed
to allow bidirectional ac-dc-ac conversion. Fig. 2b presents
the normalised magnitude of the voltage oscillations in the
floating capacitors as a function of the ac port frequency.
Consequently, the control of the floating capacitors is difficult
to perform when the ac system connected to its port is
operating at zero or very low frequency [8], [12]. On the other
hand, the M3C is composed of nine clusters based on the
series connection of Full-Bridge power cells, as shown in Fig.
2c, which allows direct ac-to-ac connection of two ac ports.
This converter is more suitable for low-speed high-power
applications because lower circulating currents are required
to mitigate the oscillations in the capacitors, in comparison to
the M2C [13]. However, the M3C has an inherent problem
when the input-port frequency is close to output port frequency
(see Fig. 2b that presents the normalised capacitor voltage
oscillations of the M3C as a function of the ratio of the input-
output ports frequencies).

A. MMCC for generation: M3C

The rotational speed of Multi-MW wind turbines is re-
stricted within a range that depends on the wind speed,
gearbox and generator [14]. In any case, the frequency of
the Wind Turbine Input Port (e.g 20 Hz) is lower than the
frequency of the MVAC point of connection (e.g 50 Hz) and
low voltage oscillations appears in the floating capacitors (see
Fig. 2b). Therefore, lower circulating currents are required
to regulate the floating capacitors of the M3C resulting in
a compact design of the converter [15]. In fact, the M3C
is advantageously compared to others high-power converter
topologies for low-speed applications [16], [17]. Therefore,
it can be stated that the M3C is an appropriate solution to
locally interface a Multi-MW wind turbine.

B. MMCC for transmission: Back-to-Back M2C

On the contrary, low voltage oscillations appear in the
floating capacitors of the M2C when the frequencies of its
ports are not close to zero (see Fig. 2b) [8]. Therefore,
lower circulating currents are required to regulate the floating
capacitors of the M2C resulting in a compact design of the
converter [12]. In fact, the M2C has been widely proposed
for HVDC transmission [18]–[20].

III. MMCCS MODELLING

The dynamics of the M3C and B2B-M2C are represented
by decoupled models obtained using linear transformations.
The M3C can be represented by a decoupled model expressed
in Σ∆ Double-αβ0 coordinates as proposed in [15], [21], [22].
On the other hand, the Back-to-Back M2C can be represented
by a decoupled model expressed in Σ∆αβ0 coordinates as
proposed in [12], [23].

In both cases, a Voltage-Current Model and a Power-
Capacitor Voltage Model is obtained, and the use of the trans-



Fig. 2: (a) M2C circuit. (b) Normalised capacitor voltage oscillations. (c) M2C circuit.

formed cluster currents and voltages as degrees of freedom is
enabled.

Furthermore, the sum of the n capacitor voltages within a
cluster is defined as the Cluster Capacitor Voltage (CCV) and
it represents the available capacitor voltage. In both converters,
there are two conditions to be satisfied to provide correct
operation of the converters: the average component of the
CCV must be equal in all the clusters in order to synthesise
symmetrical voltages; and the capacitor voltages of the power
cells within a cluster should be controlled to the same level.
When both conditions are satisfied the M3C is balanced and
the clusters can be considered as controlled voltage sources.

A. Model of the M3C

1) i) Voltage-Current Model of the M3C:

The first model represents the currents and voltages of the
M3C. Applying Kirchhoffs Voltage Law to the M3C circuit
the following expression is obtained:

vma vmb vmcvma vmb vmc

vma vmb vmc

=Lc
d
dt

iar ibr icrias ibs ics

iat ibt ict

+

var vbr vcrvas vbs vcs

vat vbt vct


+

vgr vgr vgrvgs vgs vgs

vgt vgt vgt

+vn

1 1 1

1 1 1

1 1 1


(1)

Where the subscript m represents the input-port variables, and
g represents the output-port variables. Lc is the cluster inductor
inductance, and the common-mode voltage between the neutral
points N and n is symbolised by vn. Note that each array of
capacitor in a cluster is replaced by a controlled voltage source
vxy , x ∈ {a, b, c}, y ∈ {r, s, t}.

In (1) the variables are coupled and the derivation of a
control system is not straightforward. Then, the Double αβ0
transformation [15] is used over (1) to obtain a decoupled

model as follows:

√
3

 0 0 0

0 0 0

vmα vmβ 0

=Lc
d
dt

 iαα iβα i0αiαβ iββ i0β

iα0 iβ0 i00


+

 vαα vβα v0α

vαβ vββ v0β

vα0 vβ0 v00

+
√

3

 0 0 vgα

0 0 vgβ
0 0 0

+

 0 0 0

0 0 0

0 0 3vn


(2)

The currents iα0 and iβ0 are only dependent on the input-
port currents, whereas i0α and i0β are only dependent on the
output-port currents. Furthermore, the currents iαα, iβα, iβα
and iββ are known as Circulating Currents.
2) ii) Power-Cap. Voltage Model of the M3C:

The CCVs can be related to the cluster power as follows
[15]:

Cv∗c
d
dt

 vcar vcas vcat

vcbr vcbs vcbt
vccr vccs vcct

 ≈
 Par Pas Pat

Pbr Pbs Pbt

Pcr Pcs Pct

 (3)

Note that it is assumed that the power cells have the same
capacitance C and their capacitors are controlled to the desired
value v∗c . The Double αβ0 Transformation is applied to (3) to
enable a decoupled representation of the energy interaction
among all the clusters of the M3C [22]. Accordingly, (3)
results in:

Cv∗c
d

dt

 vcαα vcβα vc0α

vcαβ vcββ vc0β
vcα0 vcβ0 vc00

 ≈
 Pαα Pβα P0α

Pαβ Pββ P0β

Pα0 Pβ0 P00

 (4)

Thereafter, the Σ∆ Transformation is applied to (4) to improve
the representation of the components vcαα , vcβα , vcαβ and vcββ
as a function of the input-output ports frequencies. Therefore,
the Power-CCV of the M3C in Σ∆αβ0 is obtained as follows:

Cv∗c
d

dt

 vΣ∆
c1α vΣ∆

c1β
vc0α

vΣ∆
c2α vΣ∆

c2β
vc0β

vcα0 vcβ0 vc00

 ≈
 PΣ∆

1α pΣ∆
1β P0α

PΣ∆
2α pΣ∆

2β P0β

Pα0 Pβ0 P00

 (5)



The voltage terms of the left side of (5) represent voltage
imbalances between different clusters. Additionally, vc00 is
related to the total active power flowing into/from the M3C.

B. Model of the M2C

1) i) Voltage-Current Model of the M2C:

A decoupled model of the B2B-M2C is obtained consid-
ering only one side since both converters are symmetrical.
Applying Kirchhoffs Voltage Law to the M2C circuit, the
following expression is obtained:

Lb
d

dt

[
iPa iPb iPc

iNa iNb iNc

]
=−

[
vPa vPb vPc

vNa vNb vNc

]

+

[
−va −vb −vc
va vb vc

]
+
E

2

[
1 1 1

1 1 1

] (6)

Where the superscript P represents the positive-pole cluster
and N represents the negative-pole cluster. The ac port vari-
ables are represented by vx and ix, x ∈ {a, b, c}, Lb is the
cluster inductor inductance, and the dc port voltage is denoted
by E. Note that each array of capacitor in a cluster is replaced
by a controlled voltage source vyx, y ∈ {P,N}.

The Σ∆αβ0 Transformation [12] is used over (6) to obtain
a decoupled model as follows:

Lb
d
dt

[
iΣα i

Σ
β
iP

3

iα iβ 0

]
=−

[
vΣ
α v

Σ
β v

Σ
0

v∆
α v

∆
β v

∆
0

]
−2

[
0 0 0

vα vβ vn0

]
+E

2

[
0 0 1

0 0 0

]
(7)

where the common-mode voltage is symbolised by vn0
.

2) ii) Power-Cap. Voltage Model of the M2C:

The power of each cluster is estimated by Eq. (8) where
vyCx =

∑n
i=1 v

y
Cxi

for x ∈ {a, b, c} and y ∈ {P,N}, and the
cluster power is calculated as pyx = vyxi

y
x.

Cv∗c
d

dt

[
vPCa vPCb vPCc
vNCa vNCb vNCc

]
≈

[
pPa pPb pPc

pNa pNb pNc

]
(8)

Applying the Σ∆αβ0 transformation to (8), the cluster
power are defined by:

Cv∗c
d

dt

[
vΣ
Cα vΣ

Cβ vΣ
C0

v∆
Cα v∆

Cβ v∆
C0

]
≈

[
pΣ
α pΣ

β pΣ
0

p∆
α p∆

β p∆
0

]
(9)

Where pΣ
αβ is related with the power flow between the con-

verter phases; p∆
αβ0 represents the power flow between the

upper and lower arm; and pΣ
0 is related with the total energy

of the converter.

C. Vector Power-CCV Models

The power components in the right-side of (4) and (9) can
be expressed as a function of the transformed currents and
voltages of the converters [12], [22].

1) i) Vector Power-CCV Model of the M3C:

Replacing the full expression of the power components of
Appendix A into (4), and defining the power flows and CCVs
of (5) as vectors, i.e. PΣ∆

1αβ=PΣ∆
1α +jPΣ∆

1β ≈Cv∗c ddtv
Σ∆
c1αβ

, etc.,
the Power-CCV model of the M3C in Σ∆ Double-αβ0 is
obtained as follows:

Cv∗c
dvΣ∆

c1αβ

dt
≈ 1

6 (vcmαβ igαβ−vgαβ i
c
mαβ

)

+ 1√
6
(vmαβ i

Σ∆
2αβ − vcgαβ i

Σ∆c

2αβ )− vniΣ∆
1αβ

(10)

Cv∗c
dvΣ∆

c2αβ

dt
≈ 1

6 (vmαβ igαβ−vgαβ imαβ )

+ 1√
6
(vcmαβ i

Σ∆
1αβ − vcgαβ i

Σ∆c

1αβ )− vniΣ∆
2αβ

(11)

Cv∗c
dvαβc0
dt
≈ 1

3
√

2
(vcmαβ i

c
mαβ

)

− 1√
3
(vgαβ i

Σ∆c

1αβ +vcgαβ i
Σ∆
2αβ)− 1√

3
vnimαβ

(12)

Cv∗c
dv 0

cαβ

dt
≈ −1

3
√

2
(vcgαβ i

c
gαβ

)

+ 1√
3
(vmαβ i

Σ∆
1αβ+vcmαβ i

Σ∆
2αβ)− 1√

3
vnigαβ

(13)
2) ii) Vector Power-CCV Model of the M2C:

The CCVs are defined by:

Cv∗c
dvΣ

Cαβ

dt
= −1

4
(vαβiαβ)c +

E

2
iΣαβ −

1

2
vn0

iαβ (14)

Cv∗c
dvΣ
C0

dt
= −1

4
<{vαβicαβ}+

EiP

6
(15)

Cv∗c
dv∆

Cαβ

dt
= −(vαβi

Σ
αβ)c+

Eiαβ
2 − 2iP vαβ

3 −2vn0i
Σ
αβ (16)

Cv∗c
dv∆
C0

dt
= −<{vαβ(iΣαβ)c} − 2

3
iP vn0

(17)

IV. PROPOSED VECTOR CONTROL SYSTEMS

The overall control systems comprises an nested structure
for decoupled regulation of the CCVs of each converter.
As presented in Fig. 3, the input and the output port of
each converter is independently controlled. In the following
Subsections each control system is briefly described.

A. Decoupled Vector Control M3C

The regulation of the floating capacitors of the M3C
comprises the control of the component vc00 and the vectors
v Σ∆
c1αβ

, v Σ∆
c2αβ

,v αβ
c0 , and v 0

cαβ
. The average value of all the

floating capacitor voltages is controlled using the component
vc00 , whereas the regulation of the four CCV vectors could be
performed using either circulating currents or common-mode
voltage vn. In this proposal, the CCV vectors are controlled
using circulating currents alone and vn=0.



Fig. 3: Proposed Vector Control Strategy.

1) i) Control of v Σ∆
c1αβ

and v Σ∆
c2αβ

:

In Σ∆αβ0, the vectors are defined as x Σ∆
αβ =x Σ∆

dq ejθe ,
where θe is the angle of vector. Then, (10)-(11) can be written
as:

Cv∗c
dv Σ∆

c1αβ

dt
≈

(vmdqigdq−vgdqimdq )ej(θg−θm)

6

+
(vmdqi

Σ∆
2dq −vgdq iΣ∆

2dqe
−j(θg−θm))

√
6

(18)

Cv∗c
dv Σ∆

c2αβ

dt
≈

(vmdqigdq−vgdqimdq )ej(θg+θm)

6
+ 1√

6
(vmdqi

Σ∆
1dq −vgdqi

Σ∆
1dq)e

j(−θg+θm)
(19)

Considering that the rotational speed of the wind turbine
connected to the input-port of the M3C is restricted within
a suitable range, the first terms in the right-side of (18)-(19)
possess components of frequencies fm±fg that can be filtered
by the capacitors [15].

Therefore, (18)-(19) yields to:

Cv∗c
d

dt
vΣ∆
c1αβ
≈
vmdqi

Σ∆∗
2dq1√
6

; v∗c
d

dt
vΣ∆
c2αβ
≈
vmdqi

Σ∆∗
1dq1√
6

(20)

Note that (20) is valid when the circulating currents are defined
as follows:

i Σ∆∗
1αβ1

= i Σ∆∗
1dq1 ejθm ; i Σ∆∗

2αβ1
= i Σ∆∗

2dq1 e−jθm (21)

Hence, the active power flows produced by the right-side
components of (20) are used to control the CCV vectors vΣ∆

c1αβ

and v Σ∆
c2αβ

. The proposed balancing control system is depicted
in Fig. 4. The outer control loop regulates with zero steady

Fig. 4: Vector Control of vΣ∆
c1αβ

and vΣ∆
c2αβ

state error, using PI controllers, the average components of
the vectors vΣ∆

c1αβ
and vΣ∆

c2αβ
. The outputs of these external

loops are used to calculate the reference of the dq circulating
currents.
2) ii) Control of v αβ

c0 and v 0
cαβ

:

The same assumptions than in Section IV-A1 are valid for
the regulation of v αβ

c0 and v 0
cαβ

, i.e. the first terms in the right-
side of (12)-(13) possess components of frequencies 2fm and
2fg that can be filtered by the capacitors [15], the common-
mode voltage is vn=0 and the circulating currents are defined
as:

i Σ∆∗
1αβ2

= i Σ∆∗
1dq2 ejθg ; i Σ∆∗

2αβ2
= i Σ∆∗

2dq2 ejθm (22)

Then, dc components of the vector v αβ
c0 are regulated to zero

using a power flow in phase with the grid angle θg . The same



effect is achieved for v 0
cαβ

manipulating a non-zero mean
active power in phase with the grid angle θm as follows:

Cv∗c
d

dt
vαβc0 ≈−

vgdqi
Σ∆

1dq2√
3

;Cv∗c
d

dt
v0
cαβ
≈−

vmdqi
Σ∆

2dq2√
3

(23)

3) iii) Other Control Systems for the M3C:

a) Control of the average capacitor voltage component
The component vc00 represent the average voltage in all the

capacitors of the M3C and it is related to the active power P00

flowing into the converter. Therefore, the following expression
can be written:

P00=Pin − Pout ≈ Cv∗c
dvc00
dt

(24)

The term Pout represents the M3C output power that is feed-
forwarded for control purposes. Therefore, the control system
proposed in this work regulates the average voltage of all
capacitors using a component of the input power. Readers can
refer to [15], [21], [22] for more details.

b) Circulating Currents Control
The outputs of the Vector CCV control systems set the

circulating current references in Σ∆ Double-αβ0coordinates.
The circulating current references are transformed from Σ∆
Double-αβ0to αβ02 coordinates and they are superposed
yielding to the composite circulating current references. These
references are regulated using proportional controllers. Read-
ers can refer to [15], [21], [22] for more details.

c) Input and Output Port Control Systems
The model presented in (2) is decoupled and the currents

iα0, iβ0 depend on the input-port currents, whereas i0α and
i0β depends on the output-port currents. Therefore, the input-
port currents and the output-port currents can be controlled
using conventional dq control structures. Readers can refer to
[15], [21], [22] for more details.

d) Single-Cell Control and Modulation Scheme
The voltage references obtained by the control systems

presented in the previous are transformed to the natural
reference frame using the inverse αβ02 Transformation.
Then, a CCV reference is obtained for each cluster in abc-rst
coordinates. Here, an additional control loop is utilised to
regulate the capacitor voltages within a cluster at the same
level [24].

B. Decoupled Vector Control of the B2B-M2C

The control system of the B2B-M2C MMC is depicted in
Fig. 5. Unlike M2C-based drive converters [12], the M2C
does not have considerable voltage oscillations in its flying
capacitors for HVDC applications. As a consequence, it is not
necessary to inject a common-mode voltage vn0

to balance the
capacitor voltage modules. Moreover, the required circulating
current is reduced. Since, in this case, the capacitor voltage os-
cillations are bounded in an acceptable region, the controllers
only regulates the mean value of CCVs to its references.

Fig. 5: Proposed Vector Control Strategy of the rectifier M2C.

The proposed controller has a nested structure. An outer
control loop balance the capacitor cluster voltages vΣ

Cαβ ,
v∆
Cαβ , v∆

C0 and vΣ
C0 for both sides, while an inner stage

regulates the currents. The output of the outer loops gives the
current references for iαβ and iΣαβ . A notch filter is employed
to obtain the dc component of vΣ∆

Cαβ0. Each controller is
explained below. The grid currents, circulating currents and
grid voltages are defined as:

iαβ = i+dqe
θe (25)

iΣαβ = i
Σ

αβ + iΣ+
dq ejθe + iΣ−dq e−jθe (26)

vαβ = vde
jθe (27)

1) i) Control of vΣ
Cαβ:

By replacing vαβ , iαβ and iΣαβ from (25)-(27) into (14) and
taking vn0

= 0 the power term pΣ
αβ can be expressed as:

pΣ
αβ =

−(vdi
+
dq)

ce−j2θe

4 +E
2 (i

Σ

αβ+iΣ+
dq ejθe+iΣ−dq e−jθe) (28)

The power term pΣ
αβ has one dc component and two ac com-

ponents of frequency fe and 2fe, however the ac components
are filtered out by the M2C capacitors and only the E

2 i
Σ

αβ

produces a dc power term to regulate vΣ
Cαβ .

2) ii) Control of v∆
Cαβ

Analogously to the previous case, by replacing (25)-(27) into
(15), the power term p∆

αβ can be calculated as:

p∆
αβ =−(vdi

Σ

αβ)ce−jθe−(vdi
Σ+
dq )ce−2jθe−(vdi

Σ−
dq )c

+

(
Ei+dq

2
−2iP vd

3

)
ejθe

(29)

p∆
αβ has components of frequency 0, fe and 2fe. Therefore,

the current iΣ−dq is employed to balance the voltage v∆
Cαβ . A

PI controller calculates i∗Σ−dq .



Fig. 6: Experimental Setup. Left-Side: M3C. Right-side: B2B-M2C.

3) iii) Control of vΣ
C0 and v∆

C0:

Applying the same procedure the power terms pΣ
0 and p∆

0 , can
be calculated as (30)-(31) respectively. The proposed controller
on Fig. 5 regulates vΣ

C0 using the direct current i+d . The wind
farm side controller uses the feed-forward term 2EiP

3 while the
grid-side uses 2Pin

3 to maintain the power balance between the
AC ports of the HVDC system.

pΣ
0 = −

vdi
+
d

4
+
EiP

6
(30)

p∆
0 = −<

{
vd(i

Σ+
dq )c + vdi

Σ

αβejθe + vd(i
Σ−
dq )cej2θe

}
(31)

4) iv) Other Control Systems for the M2C:

a) Circulating Currents Control
The voltage controllers of vΣ

Cαβ , v∆
Cαβ and v∆

C0 calculates
the current i

∗σ
αβ , i∗σ−dq and i∗σ+

dq respectively, these references
are transform to the stationary αβ frame. Resonant controllers
are implement for the current inner loop iΣαβ and iαβ [12].

b) Single-Cell Control and Modulation Scheme
The controller outputs of the inner loops gives the voltage

vΣ∆
αβ0. Using the inverse Σ∆αβ0 transformation the cluster

voltage reference vPNabc is obtained. This voltage is synthe-
sized using phase-shifted modulation. As for the M3C, an
additional control regulates the individual capacitor voltage
[21], [22]. The individual capacitor control regulates vC by
charging/discharging its module and taking into account the
cluster current sense.

V. RESULTS

Experimental results for the Proposed Vector Control Sys-
tem have been obtained using a 57-power cell M3C/B2B-
M2C prototype rated to 5kVA. The power stage of the M3C
prototype is composed of 27 Full-Bridge cells, whereas the
power stage of the rectifier M2C is composed of 12 Half-
Bridge cells and the inverter M2C is composed of 18 Half-
Bridge cells. The M3C, the rectifier M2C and the inverter
M2C are operated using three control platforms comprised
of a Texas Instrument DSP (TMS320C6713), FPGA boards

(Actel ProAsic3), external analogue-digital board, interface
board with fibre optic transmitters and an HPI (Host Port
Interface) daughter boards. The experimental setup is shown
in Fig. 6 and the main parameters are provided in Table I.
The dynamics of a single wind turbine is emulated using a
programmable power source connected to Wind Turbine Input-
Port of the M3C, which is then connected to the back to back
M2C. Finally, the Onshore Grid Output-Port of the B2B-M2C
is connected to another Programmable Power Source.

Parameter Value
M2C Cell capacitor (both converters) 2200 µF

Output-Ports Voltages 170 V
Output-Ports Frequencies 50 Hz

Cluster inductor 2.5 mH
DC-Port Voltage E 450 V

M3C Cell capacitor 4700 µF
Wind Turbine Port Voltages 170 V

Wind Turbine Port Frequency 16− 40 Hz
MVAC Port Voltages 200 V

MVAC Port Frequency 50 Hz
Cluster inductor 2.5 mH

TABLE I: Parameters of the experimental setup.

A. Operation of the M3C

The operation of a variable-speed wind turbine is emulated
using a wind speed profile from Rutherford Appleton Lab-
oratories. As observed in Fig. 7(a), the wind speed profile
generates a variable frequency at the Wind Turbine Input-Port
of the M3C, whereas the MVAC Output-Port is controlled
to sinthetise 50 Hz. The 27 floating capacitors are properly
regulated to v∗c=150V during the test regardless the Input-
Port frequency, as is shown in Fig. 7(b). The tracking of
the direct and quadrature currents, presented in In Fig. 7(c),
shows the the correct performance of the Input-Port Control
System that obtain the maximum power point for each wind
velocity regulating the quadrature current [25]. Finally, Fig.
7(d) presents the performance of the MVAC Output-Port of
the M3C, which is regulated to operate with unitary power
factor to inject the active power produced by the wind turbine
into the B2B-M2C.

Oscilloscope waveforms are presented in Fig. 7e. From top
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Fig. 7: Experimental Results for Variable-Speed Wind Turbine
Emulation. (a) Grid and Generator Frequencies. (b) 27 Power
Cells Capacitor Voltages. (c) Quadrature generator-side current
tracking. (d) Active and Reactive Power Injected into the grid.
(e) Oscilloscope Waveforms.

to bottom, one of the capacitor voltages vcar1 , the cluster
voltage var, the grid voltage vgrt (purple line) and the input
voltage vmab (greem line), are presented. The cluster voltage
var modulates both (Wind Turbine Input-Port and MVAC
Output-Port) voltages and the different levels produced by the
phase-shifted modulation are observed.

B. Operation of grid-side M2C

Some relevant variables of the rectifier M2C are shown
in Fig. 8. The system DC-port Current is 12A, whereas the
DC-port Voltage is constant and its mean value is E=330V .
The 12 floating capacitor of the rectifier M2C are regulated
to 175 V and with low ripple. Fig. 8b shows the peak-to-
peak variance in the capacitors which is bounded in a ±5 V
band. Additionally, the circulating currents required for the
regulation of the floating capacitors are low, as shown in Fig.
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Fig. 8: Steady state response for the Rectifier M2C. (a)
DC-port Current. (b) 12 Power Cells Capacitor Voltages. (c)
Circulating Currents. (d) Oscilloscope Waveforms.

8c. Oscilloscope waveforms are presented in Fig. 8d. From
top to bottom, DC-port voltage E (yellow), capacitor voltage
vPC11

(green), cluster current iP1a (blue) and cluster voltage vPa
(magenta) are depicted. The required circulating currents are
reduced in comparison with the cluster current since the Wind
Farm Input-Port frequency is 50 Hz.

VI. CONCLUSION

Vector Control Strategies based on the representation of
the M3C in Σ∆ Double-αβ0 coordinates and of the M2C
in Σ∆αβ0 coordinates have been proposed. The M3C is
controlled to interface a single wind turbine to an MVAC point
of connection. After that, the B2B-M2C is proposed to link
several of this Multi-MW M3C based wind turbines to the
grid through an HVDC transmission line. Both converters, the
M3C and the M2C are controlled using decoupled vector
control strategies.

The proposed Vector Control Strategies have been analyt-
ically discussed and their effectiveness has been validated
through experiments conducted with a 57 power cell prototype.
The experimental results have presented a correct performance
for decoupled regulation of the Input-Output ports of the M3C
and B2B-M2C. Additionally, the proposed Vector Control
Strategies regulate the floating capacitors driving the voltage
oscillations to zero.
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