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Abstract: In this study, a new structure for power transfer
in offshore wind farms is proposed. The proposal includes a
conventional synchronous generator with excitation coils, a
full bridge diode rectifier, which eventually is connected to
a HVDC transmission system. The excitation coil is fed by a
DC buck converter. Dynamic response of proposed
structure is evaluated based on simulation results.
Simulation results show that the proposed model can
perfectly respond to the wind speed variation.
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I. INTRODUCTION

The environmental pollution caused by the increasing use of
fossil fuels to provide energy and heating, made the
movement towards the use of renewable energies. Atthe
meantime, wind energy has attracted much attention from
previous decades as one of the cheapest as well as oldest
green energy used to produce electrical energy, but at the
same time one of the largest renewable energy sources [1].
One part of the wind turbines that has changed over the years
is the electrical one. These changes have led to the creation
of a variety of wind turbines with characteristics such as
constant speed or variable speed, small or large rage power,
specially designed for connecting to a power grid or work in
the island state, and finally for wind farms, land or sea [2].
The initial wind turbines used a Fixed Speed Induction
Generator (FSIG), which were used at a constant speed of
less than 3% slip. This structure encountered problems like
mechanical rotor speed fluctuations, which made them harder
to control. Therefore, variable speed turbines were provided
with the rotor's external resistance, but these turbines also
had a high loss in the resistors and the limited range of speed
control. With the increasing need for variable speed operation
of wind turbines, different electrical machines are being
studies for wind turbine application. In [3] DMPM is
proposed as a variable speed electrical machine in which the
mechanical losses corresponding to the gearbox is
eliminated. Using of double fed induction generators
(DFIGS) is more common in large turbines. As the nominal
power of the converter used in this type of turbine is a
fraction of DFIG nominal power, the advantage lower cost in
using DFIG for variable speed structure is obtained [4].
However, the problem with the DFIG structure is more in the
use of slip ring. In Fig. 1 wind turbines used in an offshore
wind farm are shown. With the disclosure of the economical
benefits of such offshore wind farms, the attitude toward
these fields changed. Those benefits include:

* According to the research, the average wind speed at sea is
significantly higher than the average wind speed in the land
[5].

*Due to the lack of physical barriers at sea, changes in wind
speed at sea are less than land, which means more uniform
production on sea farms than land farm. This result in less
uncertainty and therefore less requirement for reserve at
system level in wind generation [6][7].

*It is easy to find the right place to build a wind farm at sea
while the proper locations for the wind farm are limited.

*Unlike land, wind speed becomes more intense in the
afternoon in the sea, which is more consistent with more
electric energy consumption in the afternoon in both
residential and commercial demand. At these times,
conventional power plants are near the maximum and the
load is at its least flexibility due to comfort issues [8][9].

*There are offshore wind farms near the major energy
consumer centers (for example, in the South East of England
and New York in the United States), while the
implementation of land-based wind farms in these areas
faces many problems due to limitations.

*With the disappearance of noise limits in marine
environments, higher speeds are possible for offshore wind
farms, which reduces torque and thus reduces the cost of the
mechanical part of the turbine [5][10].

Fig. offshore wind turbine
On the other hand, advancement of electrical storage and

demand response technology overcome wind energy
uncertainty and boost wind energy integration into the
grid[11][12][13].In this way, it is seen that offshore wind
farms are becoming one of the most important types of wind
farms and even one of the most important sources of
renewable electrical energies, and therefore extensive efforts
are being made to increase reliability and reduce their cost.

Moreover, wind turbines can be optimally placed in the
buses of the network such that total costs of the system
become minimized. In [14], wind turbines are placed and
their generation profiles according to the estimation of wind
speed are introduced to the system to make the energy losses
and total costs of the system as minimum as possible.
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Furthermore, during placement planning of wind turbines,
their interaction with each other and with conventional
generators should be considered power swing reduction [15]
and preventing frequency instability in the power system
[16].

In this study, a new method for power transfer in offshore
wind farms is proposed. Dynamic and transient response of
proposed structure is evaluated based on simulation results.
This paper is organized as follows; In the next section, a brief
overview of the various structures that are currently
commonly used for wind farms is presented. In section 111 the
proposed structure for offshore wind farms is introduced.
Simulation results are demonstrated in section 1V. Finally,
the conclusion is given in section V.

Il. OVERVIEW OF WIND FARMS
Different approaches were proposed to adapt the voltage
levels of the transmission line and wind turbines. Depending
on the proposed solution, the structure of the local network of
wind farms can be divided into the following groups:
A. Local Network with Parallel Turbines
In this structure, the local wind farm network is located at a
specific voltage level, and all turbines are at that voltage level
and connected to the local network in parallel as a current
source. The local network connection to the HVDC
transmission line may be carried out either directly or
through a DC / DC converter. Normally, such configuration
is known as DC microgrid, when different sources are
parallel to each other and connected to the DC bus via
DC/DC or AC/DC converters [17]
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Fig. 1 Use of DC/ DC converters at the wind turbine
terminal
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Fig. 2 The use of AC transformers in the AC section of the
wind turbine structure
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A1 Parallel Turbines with Increasing Voltage Level in
Turbines Themselves

In this structure, the voltage level of the local wind farm
network is selected at the same level as the transmission line
voltage and, in fact, there is a direct electrical connection
between the local network and the HVDC transmission line.
In this case, wind turbines must be connected directly to a
voltage level of several hundred kilovolts; so it needs to
increase the voltage level in the turbines terminal. Three
solutions can be proposed for this purpose.

A2 Use of DC / DC Converters at the Wind Turbine
Terminal

In this method, a DC / DC converter at the junction of the
wind turbine to the local network is matching the voltage
levels of the two sides [18]. In fact, a DC/ DC connector is
connected to the generator terminal, where the electrical
energy is about a few kV, and increases this DC voltage to a
few hundred kilovolts (Fig. 2). The problem with this
approach is the high cost and low efficiency of DC/DC
converter [19].

A.3  The Use of AC Transformers in the AC Section of the
Wind Turbine Structure

The second solution is according to Fig. 3, in which the
increase of the voltage level is carried out inside the wind
turbine and by means of a transformer at the generator
terminal. What can make it difficult to use this method is that
synchronous generators with a large number of poles and
with a direct (without gearbox) connection to the wind
turbine usually have a normal frequency of less than 50 or 60
Hz in power networks during normal operation. This requires
the need for larger-core transformers with more weight.

A4 Parallel Turbines by Increasing the Voltage Level at
the Junction of Local Network with the HVDC Transmission
Line

Another method of matching the voltage levels of the
transmission line and the turbines is that the local network
voltage level is selected at the level of the rectified output
voltage of the wind turbines, and all of the wind turbines of
the farm are connected to the local DC network via an
inductor (as a current source). Finally, after the electrical
energy generated at the farm was collected by the local
network, a DC / DC converter is placed at the local network
connection point to the transmission line to perform the task
of matching the voltage levels of the two sides according to
Fig. 4 [20][21].DC/DC converters can be step up as boost
converters [22] or step down as buck converters [23].In this
paper Buck converters will be used.

The problem with this method is the lack of DC / DC
converters with a capacity of several hundred megawatts. In
this case, the nominal capacity of the DC / DC converter,
instead of the capacity of each turbine, should be equal to the
total wind farm's capacity.

B. Local Network with Series Turbines
Another solution that can be used to adapt the voltage levels
of the HVDC transmission line and the electric terminal of
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the wind turbines is that the increase of the voltage level in
the structure of the wind turbines itself does not take place,
and each wind turbine at the same level as the turbine
generator voltage is connected to the local network.
However, the arrangement of wind turbines is in series in a
local network rather than parallel, so that the voltage of the
wind turbine terminal will be added. In this case, there will
be a direct relationship between the nominal voltage of the
HVDC transmission line and the nominal voltage of turbine
terminals and the number of turbines in a series loop (Fig. 5).
The main problem with the application of this method is the
control of wind turbines, which should be carried out in such
a way that, it can control the voltage of the turbine terminal,
so that under the same loop flow for all turbines, the
maximum power absorbed by the wind turbine. Besides, the
controller of the DC / AC converter on the other side of the
HVDC transmission line, which is located on the power grid,
should also be able to coordinate with the local turbine
controllers to determine the flow of the corresponding loop
and simultaneously act on the AC side as well. The most
common DC/AC converter used to connect HVDC
transmission line to the AC grid is voltage source converter.
This converter has Pl current controllers and its state
equations are discussed in [24].

I1l. PROPOSED STRUCTURE OFFSHORE WIND FARM
As it is seen in Fig. 6, in the proposed wind farm structure,
rectifier converters GTO switches on the wind turbine output
are replaced with a full diode bridge rectifier, which is
expected to result in a significant reduction in costs. The full
bridge diode rectifier connects the new structure via an
inductor as a current source to the DC network. On the other
hand, the excitation of the rotor of generators is carried out
through a DC / DC converter with a nominal power of a
percentage of the nominal power of the turbine. It is obvious
that the cost of this converter will be negligible with regard to
its low nominal power compared to the reduction in the cost
of the turbine converter.

A. Dynamic Model of Buck Converter

The state equations can be written as follows while the
switch is on:
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Fig. 5 Proposed structure of offshore wind farm

Similarly, when the switch is off, the state equations are as
follows:

1
vafi] | Tl |® 0 v,
v P Ho 1, @
w, dt|V, 1 V, 0 =i
c c

Since the switch is on for DT, and it is off for (1 — D)T; ,
regarding the average current, it can be written:
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Where I;is the DC component, and [, is the oscillation
around the operating point. By linearizing the relationship
around the operating point and ignoring the second-order
terms, it is simplified as:
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Fig. 3 Increasing the voltage level at the junction of local o dtly | 11 V] |y L g @
network with the HVDC transmission line LC . C
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If we consider the input current of the converter as the output
of this state space:
(in) =(D){i.) ()
It can be written with linearizing as:
i =Di +Di, ®)
Given that the output voltage of the converter is actually
the generator excitation, the capacitor voltage is written
according to the inputs as:

Dy +(_E)r+MB
VC: LC g C : LC (9)

s+ %
LC
Assuming that the input voltage changes are zero and
small, the only changes are related to the coefficient of duty
cycle. Now, changes in the coefficient of duty cycle are to be
calculated. In general, the duty cycle is calculated from the
comparison of a control signal with a saw tooth signal. Such
a structure is shown in Fig. 7.
In this situation, the coefficient of duty is equal to:

d)="=® ocy_<v. (10)
vm
It can be written dynamically as:
D+B-Ve. e (11)
Vm Vm
VM vmw(!)
v () Z
0
t
8(2)
0 dT, T 2T,

5 5 5

Fig. 6 Duty cycle of buck converter

By inserting the corresponding relationships, the general
function can be written as:
g :_& S + a)bzuck Vig
“ c s+, ¢ Sf+a?, V

buck buck m

co (12)

Wherew,, ., = —%is the natural

VIC
converter. If the values L and C are given, this frequency is

equal to:
Wy =041, (13)
Which will be 4 KHz. With larger L and C in the
converter, this frequency will decrease. It may seem that such
a system is not attenuated. Assume the excitation current is as
follows:

frequency of the
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gdeRdefld'i'gl jpfd:

load

(14)

gfd

R + Ead
fd

By inserting the excitation current in relation (12), it can

be written:

a)b S a)bzuck Vg
fd = 2 2 Load + 2 2 vy Voo
c §+ zgwbuck + wbuck S+ zgwbuck + wbuck Vm
(15)
Whereé is the damping factor anddefined as:
, 1 |L
e (16)
2 R fd Ca)buck 2 R fd C

Given the low range of variations, it is possible to expect
the response to be without fluctuation. In general, the
excitation voltage is written as follows:

1
gfd :_Z p +Gvd'7;c|0
\

out " Load
m

(17)

B. Removing the Dynamic of Buck Converter

Fortunately, the buck converter's poles are so large that its
time delay in the mechanical equations and the internal
oscillations of the generator is completely overlooked. The
Buck converter model is shown in Fig. 8.

Where G, is the controller and H is the sensor transfer
function. In general, if T (s) is the open loop transfer
function and is equal to:

T(5)= H(5)G.(5)G, (s)vi

m

(18)

11004(5) | Load current
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Fig. 7 Buck converter model

Then it can be written:

G .

@ :@ref i T +@ - IIoad ZOUI (19)
H1+T  °1+T 1+T

It can be written that:

T 1 for T 1
ﬁz{T for [T|0 1
1
O]
1

(20)

for [T|0 1
for [T|0 1

1+T(s) (21)

T is always such that at small frequencies it is large and
small at large frequencies. Therefore, at low and zero
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frequencies, the output voltage is completely matched the
reference voltage and also is less effected by output current
and the input voltage variations. At the same time, at high
frequencies, the output voltage is completely dependent on
the fluctuations of the output current and the input voltage
and can not be controlled by the reference voltage.

C. Wind Power Modelling

Wind energy is converted to mechanical energy by rotating
the turbine rotor. The mechanical power delivered by the
wind to the turbine is a function of wind speed, angle of the
blades and the speed of the turbine. In the permanent state,
the mechanical power delivered by the wind is expressed by
the following relation [25]:

P =§Avsc (A.B) 22)

rYw>p

P, 1s the absorbed mechanical power, p is the air density
in Kg / m®, A is the area swept by the rotor blades, V,, is the
wind speed in m/s and C, is the aerodynamic efficiency,
which is a function of A, the tip speed ratio, and B, the angle
of the blades. A is defined as:

1220 O
2V,

Where D, is the diameter of the rotor and w,, is the
turbine rotor speed in rad/s. Relations (22) and (23) can be
simpler as follows:

(23)

Pmec = KZV;Cp (7"76) (24)
9»=K1‘f,—:v" (25)
o6 Wind Turbine Cp Characteristic (pitch angle increases by step of 2 deg.)
0.1 N \ \
AN NN
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Fig. 8 Aerodynamic efficiency curve

Turbine Power Characteristics (Pitch angle beta = 0 deg)
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Fig. 9 wind power in different wind and turbine speed
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The aerodynamic efficiency is a function of the tip speed
ratio and pitch angle, which is plotted in Fig. 9 in terms of A
and zero-degree pitch angle. Increasing the pitch angle in
high wind speeds reduces the absorbed power.

Finally, after calculating the output power of the turbine by
the relations (24) and (25), the shaft torque is calculated as:

T, - (29)
wt
In Fig. 10 wind power is plotted at various wind speeds as
well as various generator speeds. As can be seen, at a certain
wind speed, there is a turbine speed at which the power
generated by the generator is maximal. The maximum
turbine speed is limited to 1.2

D. Turbine Controller Model

In this section, the maximum turbine power tracker module
will be described. The function of this module is to adjust the
angle of the blades, as well as to determine the reference
power to track the maximum power [26][27]. The maximum
power tracker curve is shown in Fig. 11. This curve is
limited between the speeds of 0.7 pu to 1.2 pu. This module
has a duty to measure the speed at any moment and
calculates the maximum power based on the turbine speed,
and by estimating the losses and reducing it from the
calculated value, generates the reference power and delivers
it to the controller.

Typically, the amount of reference power variation is
limited by a limiting change rate to prevent high output
power fluctuations. That means:

dp,

ot k (27)

The value of K has a significant effect on the output power
ripple. The smaller the K value, the lower the ripple power,
and in turn, the maximum power tracing speed is reduced,
and the larger the K, the faster the tracking speed and the
more is the power ripple. Here, the K value is set to 0.01 for
the maximum reduction of the ripple. This means that it
takes 10 seconds to change the reference power to only 0.1.

Turbine Power Characteristics (Pitch angle beta = 0 deg)
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Fig. 10 MPPT curve
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Fig. 11 Pitch angle control

The other function of this module is to adjust the angle of
the blades, which at high speeds increasing the angle of the
blade, reducing the power consumption and reducing the
speed. The pitch angle controller is shown in Fig. 12.

The difference between the actual velocity and velocity at
point D is determined by a coefficient. The angle of the blade
is between 0 and 45 degrees and its rate of change is 2
degrees per second.

E. Modeling the Mechanical Actuator

The mechanical equations are presented as follows:

1
(le ZEJ(T‘M —Tm)dt

T, = Ksh.(y)bj(oowt —o,)dt+ K, (o, —0,)

(28)

(29)

H,is a constant of inertia, and here it is assumed to be 4
seconds.Ky,, is a coefficient of stiffness equal to 1.05 and K
is a damping coefficient equal to 1.5.

IV. SIMULATION RESULTS
In this section, the system response to wind speed variation
and MPPT is studied.
A.  System Response to Wind Speed Fluctuations
In this section, the system response to a fluctuation in wind
speed is investigated. The waveforms are shown in Fig. 13.
The wind speed decreases from 12 to 10 at t=40 (s) and
remains at this value till t=45 (s). At this time, the output
power is reduced from 0.7 to 0.55. However, in normal
conditions, the power should be reduced by 0.4.

14

-
S

wind speed

14
35 40 45 50 55 60 65 70
t

Fig. 12 System responses to wind fluctuations
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Simulation results indicate that output power is following

the reference power perfectly, and therefore, if there is a
power reduction, it results from the reduction of reference
power. The turbine speed also decreases from 1.11 to 1.03
and increases with increasing wind speed. Although the
output power follows well the reference value, the power
output has high ripples.
The excitation voltage also decreases with decreasing
reference power and increases with increasing reference
power. The simulation results clearly show the stability of
the control system. The time to reach a constant value is
about 10 seconds, which is actually proportional to the cutoff
frequency of the transfer function T (s), i.e., 0.1 Hz.

B. System Response to Maximum Power Tracking

In this section, the system responds to a permanent change in
wind speed is investigated. The waveforms are shown in Fig.
14. The wind speed rises from 12 m/sto 13 m/ s at t=40 (s)
and remains at this value. As it is shown in Fig. 14 it takes
about 10 seconds to reach its final value.

i
=

wind speed
.
o

2 —
MW

Efd

15
35 40 45 50 55 60 65 70

t
Fig. 13 system response corresponding to MPPT

As the wind speed increases, the torque increases, and
resulting in a higher speed, whereas the power is almost
constant. As the speed increases, the reference power
increases, and the power output increases with reference
power and is less affected by the torque produced by the
wind.

As can be seen in the first moments of increase in wind
speed, the excitation voltage is almost constant so that the
output power does not change. But then, as the wind speed
increases, the excitation voltage also increases.

V. CONCLUSIONS
In this paper, the proposed model for wind turbine electrical
part and the method of matching the transmission of wind
turbines and lines are introduced. Then the system is
modeled using the state space of the system. The linearized
model is simulated to evaluate its accuracy. Dynamic
response of proposed structure is evaluated based on
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simulation results. Simulation results show that the proposed
model can perfectly respond to the wind speed variation.
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