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ABSTRACT

Offshore wind farms inherently need alternating current (AC) grid connection with undersea cables. However, this requires reactive power compensation,
which is costly and not practical. Moreover, it threads the stability of the system. For these reasons, high voltage direct current (HVDC) transmission is a
promising solution since no reactive power is needed. Furthermore, the DC power flow between offshore and onshore locations as well as the reactive
power at either side can easily be controlled by voltage source converters (VSCs). In this paper, the modeling and control of an offshore wind farm
connected to the mainland grid power with HVDC transmission is proposed. A control strategy is proposed to control active and reactive power at the
offshore wind farm converter and DC voltage at the onshore converter. The overall system, including wind farm, offshore and onshore converters, HVYDC
transmission, and AC grid side, were tested and verified in a simulation environment. The designed control systems of the VSCs were tested by various
case studies.
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Introduction

Renewable energy as a natural source of power for people offers infinite opportunities as well
as challenges to power system architecture. One of the many benefits derived from renewable
energy sources is that free energy is available and that it can be exploited in its natural form,
thereby providing economical sources of energy [1]. Conventional energy sources like coal, nu-
clear or natural gas can contaminate the environment, whereas fuel cell, wind, geothermal and
solar energy - all being renewable sources - are fresh and richly available in nature. Among these
renewable energy sources, wind energy is the best option because of the large wind energy po-
tential, especially in European countries. In 2008 alone, about 27 GW of wind power was installed
worldwide, which amounted to around 120.8 GW of the total installed capacity [2].

Wind energy industries experienced a strong growth a few years ago, which has led to great
improvements in offshore application [3]. This development is set to be a huge step forward
for Europe’s power system planning. Offshore wind farms have been a growing trend com-
pared to onshore wind farms because of the unavailability of onshore sites and wind is more
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High voltage direct current transmission has become a feasible solution economically and tech-
nologically for connecting an offshore wind farm and its load over a long distance taking into
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account an increase in demand for the capacity of the offshore
wind farms [5]. Generally an offshore wind farm is located far
away from an onshore grid point of common coupling (PCC)
which makes the HVDC use VSC as a preferable solution [6].
HVDC transmission is a more suitable solution for connecting the
two converter stations due to the weakness of the connection as
a result of long distance transmission. HVDC transmission using
VSCs was first launched in Sweden in 1997 which was rated at 3
MW as a trail [7]. It covered a distance of 10 km. During that year
the project went into operation to demonstrate the feasibility
of the technology to operate in a network. The 50 MW Gotland
HVDC light project covering a distance of 70 km, transports wind
power from southern Gotland to the center of the island. It has
been in operation since November 1999 [8]. Directlink is a 180
MVA HVDC light project that connects the regional electricity
markets of new South Wales and Queensland [9].

In current years, one of the fastest growing renewable-energy
resources is wind energy which has many benefits such as be-
ing clean and sustainable [10]. Offshore locations are very suit-
able for wind energy production by for following reasons: 1)
in most countries, the best onshore locations for wind energy
production are already occupied or soon to become new wind
farm locations, 2) higher wind speeds (up to 20% greater) are
available above the sea when compared to land location, as a
result more power (up to 70%) can be extracted from wind, 3)
the absence of obstacles such as hills and the smooth surface
of the sea make wind energy more reliable when compared to
aland location. An offshore wind farm inherently needs AC grid
connection with undersea cables. However AC transmission of
electrical power with these cables requires a high amount of
reactive power which is impractical, expensive, and difficult to
control for stable operation [1]. Due to these limitations, the
HVDC transmission option is ideal for undersea power transfer
between the offshore wind farm and the onshore power sub-
station. Many projects of this type exist such as the BorWin [10]
and DolWin [11] projects in Europe. HVYDC power transmission
inherently requires no reactive power and it is reliable. More-
over DC power flow can easily be controlled by means of VSCs
located both offshore and onshore, between the two ends of
the undersea cable. Another advantage of the HVDC power
transmission option is that it can be connected to weak radi-
al systems [12]. In order to fully benefit an offshore wind farm
connected with HVDC, the control system of the VSCs should
be designed so as to satisfy reliable operation with high sus-
tainability and efficiency of energy [13].

Turkey does not have an offshore wind farm installation yet. So
this is our main motivation. This study suggests a simulation
model for an offshore wind farm connected to the main AC grid
with HVDC transmission under the sea as shown in Figure 1.
The overall control system of the VSCs of HVDC transmission
was studied and verified in this work. This paper is organized as
follows: Section 2 gives a general overview of the components
of an offshore wind farm. Section 3 discusses HVDC transmis-
sion connecting an offshore wind farm to the grid. Section 4

Figure 1. Offshore wind farm connected to main grid system
through VSC-HVDC [14]

proposes the control strategy for HYDC VSCs. The simulation
study is explained in Section 5. Finally, Section 6 draws a con-
clusion.

Understanding Offshore Wind Farm with High Voltage
Direct Current

Wind Turbine Overview

Generally there are two types of wind turbine generators: Con-
stant speed wind turbine generators and fixed speed wind
turbine generators. The performance and construction of
constant-speed wind turbines depends solely on mechanical
sub-circuit features such as pitch-control, time constant and
maximum switching rate of the main circuit breaker. Today’s
high power wind turbines are generally capable of variable
speed operation [15].

Type of Adjustable Speed Generators (ASG)

The most common type of ASG is the direct-in-line system [15].
In this scheme, a synchronous generator generates variable
frequency AC power. This power is transformed using power
converters connected in series with an ASG into fixed-frequen-
cy AC power.

As wind power industries rapidly increase, three types of wind
turbine generators are widely used for offshore application.
Based on their operational speed, these generators are differ-
entiated into three categories, namely fixed, limited and vari-
able speed. The generators are:

Squirrel Cage Induction Generator (SCIG)

Frequency regulation of local generator grid side makes the
SCIG the simplest choice for offshore generators in order to
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achieve power for the turbines. This advantage of SCIG makes
it simpler to use when choosing generators for offshore wind
farm application. It should be noted that effective cost and
losses in generators are much higher for structures with sep-
arate converter arrangements than those with a common sin-
gle converter arrangement. Also wind speed variation for wind
turbines can affect their operating condition irrespective of the
common frequency of the generators. Maximum power point
tracking (MPPT) cannot be possible when the turbine genera-
tors are connected separately [14].

Permanent Magnet Synchronous Generator (PMSG)

In this type of generator arrangement, an AC/DC/AC converter
connected to BTB is used to convert the generator output pow-
er to a nominal frequency of local grid, which is later conveyed
to an offshore rectifier station. PMSGs do not have gearboxes
and have multiple poles, which makes them efficient and reli-
able. However they are expensive.

Doubly Fed Induction Generator (DFIG)

This is the most common turbine generator system used in off-
shore wind farms [14]. These generators are capable of variable
speed operation and have lower cost and losses compared to
other variable speed turbine generators. One drawback of DFIG
over PMSG is its limited speed variation range, but this can be
overcome by regulating the generator side local frequency
thereby increasing the range of its allowed speed variation.

In this paper, a DFIG is considered, where the rotor winding is
fed through BTB variable frequency VSC [14]. The configuration
of DFIG is schematically shown in Figure 2.

Understanding the VSC-HVDC System

For short distance cable transmission of power, high voltage
AC is a suitable solution because it is cheaper since it needs no
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Figure 2. DFIG wind turbine basic configuration [16]

converters or filters. But when cable transmission exceeds 70
km, HVDC becomes more economical because it reduces the
use of bulk transmission cables and does not require reactive
power compensation equipment like STATCOM in order to de-
liver real energy to the land over such a long distance [17].

HVDC based VSC technology is a promising solution for trans-
mitting bulk power from an offshore location to the onshore AC
main grid [18]. It uses power electronic converters that employ
insulated gate bipolar transistors (IGBT), aiming at decoupling
control of active and reactive power. It allows the connection of
two or more AC systems that are operating at different frequen-
cies. It also permits connection to a weak AC system network.

VSC based HVDC transmission represents an important im-
provement over classical HVDC [19],[20]. It is broadly divided
into two categories, based on the operating principle:

1. Line commutated converters that need AC system for their
operation. AC voltage can force the current to commutate
from one phase to another.

2. Self commutated converters that do not need AC system
for their operation. They are further divided into VSC and
current source converters (CSC). In CSC, the reactors pro-
vide smooth DC current for proper operation. In VSC, the
storage capacitor provides a smooth DC voltage for proper
operation.

The VSC, which is a self-commutated converter, has emerged
as a solution to classical converters because of the advantages
mentioned below:

- Fastand independent active and reactive power control

«  Black start capability

. Capacity of variable frequency operation

«  Allowance of multiterminal network structure

« Constant improvement of control quality instabilities

Converter Topology

Converter topologies are divided based on their circuit topolo-
gy and the number of voltage levels at output [21].

1. Two-level VSC topology

This is the simplest form of VSC configuration, which generates
two-voltage level. It consists of 6 IGBTs and 6 anti-parallel con-
nected diodes at each IGBT. It uses pulse width modulation to
control its AC output waveform.

2.Three-level VSC topology

This comprises 4 valves in one phase leg .The switching rule
is that any two valves that are directly connected in the series
cannot be switched at the same time.

3. Modular Multilevel Converter
Modular multilevel converter is suitable for high or medi-
um-voltage power conversion because of its simpler construc-
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tion and flexibility in converter design. It is based on cascaded
connection of multiple bi-directional chopper-cells per leg,
thus requiring voltage-balancing control of the multiple float-
ing DC capacitors.

Design and Control of Offshore Wind Farms

The mechanical power of aerodynamic model that can be ob-
tained after wind blows is given as

1
PW=ErpR2v2Cp(q,I ) (1)

where, PW is the wind power in watt, 0 is the density of air in
(kg/m?3), vis the wind speed in (m/s), Cis the power coefficient
which is a function of the pitch angle of rotor blades 6 (deg),
R is the radius of the blade in (m), and A is the tip speed ratio,
given as

A=w,R/v

where @), is the wind turbine speed.

C,=0.73 (E —0.586 - 0.0026>™ — 13.2).51&‘”’ 3)
4,

i

1 1 0003
J A-0020 6 +1

(4)

Eqgns (1-4) can be used to derive the power curves for differ-
ent wind speeds. The wind turbine control is to allow the ide-
al power factor to capture optimum power in case of low to
moderate speeds. But in higher wind speeds, the pitch angle
controller performs the function of preventing the rotor speed
being very extreme. A turbine speed at any given wind velocity
obtains the optimal output power [22],[23].

Drive train model
A two-mass drive train model is suitable for a comparative

study of wind turbine systems for different models of drive
train[11]. Drive train model is described as

g 4o g K6, - D(w, - w,) )
dw,

Jq & =K0,,-D(w,-w,)-T, ©6)

where,

TW is wind turbine aerodynamic torque (N m)
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Tg is the loading torque of the generator

JW represent wind turbine inertia constant

Jg is generator inertia constant

ﬁwg is the angle between generator and turbine rotor (deg)
@, is wind turbine speed (m/s)

@, is generator rotor speed (rad/ s)

Dis the mutual damping between two masses (N ms/rad)

K is the elastic characteristics of the shaft (N m/rad)
Modeling of DFIG

The DFIG employs a wound rotor induction generator, where
the rotor winding is fed via BTB variable frequency VSCs [24].
An over-current ‘crowbar’ circuit and a voltage limiter are em-
ployed to protect the machine and converters. Decoupled con-
trol of power system electrical frequency and rotor mechanical
frequency are achieved through the converter system provid-
ing the variable speed operation of wind turbines. It consists
of two VSCs. A rotor side converter (RSC) that is used to gener-
ate three-phase voltage with variable amplitude and frequen-
cy achieves the control of generator torque, the exchange of
power between the stator and the grid. The grid side convert-
er (GSC) acts to exchange active power extracted by the RSC
to the grid. Capacitors are placed between the converters for
maintaining DC link voltage [25].

Grid Side Converter (GSC)

This converter is a three-phase one consisting of double-pole
VSC employing six IGBT switches. GSC allows bi-directional pow-
er flow. It is a force-commutated converter with pulse width
modulation (PWM). The current control method is also used for
GSC. The current drawn by the converter from the grid is kept
constant. Capacitors are placed between the converters for
maintaining dc-link voltage. A current control strategy is em-
ployed as GSC control. It comprises two control loops, the inner
current loop and the outer current loop shown in Figure 3. The
inner current loop ensures grid reactive power and the outer cur-
rent loop keeps the DC voltage to a continuous value. The real
value of the DC link voltage is compared with the reference DC
voltage [26].

Pl processes the error signal. Pl controller output is compared to
the actual current element of the VSC. Also, grid reactive power
and reactive current element of the inverter are compared and
their error values are computed using this controller [27]. Refer-
ence values of d-g and abc frames are converted using voltage
input reference. Then the modulation index is computed at the
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Pl controller output. The converter AC terminals and the ma-
chine stator are linked via the transformer. Space vector pulse
width modulation (SVPWM) receives its reference signal from
the PI controller to produce pulses to the GSC controls.

The control of power in the stator is achieved by the RSC. Ref-
erence signal is generated to control stator power, which de-
pends on the power reference. Vector control technique is used
for RSC control [28]. Field-oriented control (FOC) is used for RSC
control, which is later modified to direct power control (DPC).
The DPCis based on direct control of active and reactive power
of the DFIG stator that is determined by the following current
and voltage equations:

P =R 0

3
0, =51m(Vs~1s) (8)

where

PS and Qs are the stator real and reactive power,

VS and ]S are the voltage and current components of stator.

Using d-q transformation of voltage and current, stator active
and reactive power are calculated thus:

3 . )

P==(v,.i,+ qs.zqs) )
2
3 . .

Qs = _(Vqs 'lds + vds 'lqs) (10)
2

Vg Vyeand Iy, 1 are respectively the stator voltages and

currents component in d-q reference frame.

Active and reactive power of the stator from equations (7) and
(8) are compared by their reference values and the error is pro-
cessed with the Pl controller to generate a dg component of
grid voltage reference. This grid voltage reference is then trans-
formed to abc reference frame which gives a three phase volt-
age reference to the SVPWM system of the RSC. The structure of
RSC is shown in Figure 4.

Modeling and Control System of VSC-HVDC

A three level VSC with SVPWM is considered in this work. The
VSC configuration is an arrangement of single IGBTs and di-
odes components connected in parallel. The configuration is
illustrated in Figure 5.

The VSC design specification is the same for both the wind
farm and the GSC. Furthermore, the control scheme for these
converters depends on the requirement for control objectives
at hand. Transformers are connected between AC system and
converters. It is used to upgrade the AC voltage to a level ap-
propriate to the converter. AC filters are employed to remove
the voltage harmonics injected into the AC system. They are
arranged as connected in shunt high pass filter arranged in
the order of PWM frequency. Reactors are used to control ac-
tive and reactive power by controlling currents through them,
then minimizing the frequency harmonic parts for primary
line-current of the converter that is caused by the switching
of the VSCs. When modeling the DC cable, shunt capacitance
and resistance are ignored. Only the series resistance is mod-
eled as lumped resistive element. Series inductance is also
ignored.
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In VSC-HVDC, PWM gives the harmonic current that causes rip-
ples on the DC side voltage. Shunt connected capacitors are
used to filter out the ripples and give a smooth DC voltage. The
time constant is the ratio of capacitor storage energy at rated
DC voltage and the rated apparent power.

Mathematically, it can be shown as

T="—03 (1m

where

cis the DC capacitance in uF
Upe isthe DCvoltage in KV
S is the rated power in MVA

The above formula can be used to determine the value of the
DC capacitor [29].

Control Strategy

The VSC based HVDC control is established by two controllers:
the outer controller and the inner current controller [30],[31]
as depicted in Figure 6. The inner current controller is used to
control AC current while the outer controllers supply its refer-
ence values. The outer controllers are: Active power controller,
Reactive power controller and DC voltage controller. The active
power and DC voltage controllers provide reference values of
active current while AC voltage and reactive power controllers
provide reference values of reactive current. Steady state er-
rors for these controllers are removed using integrators. In this
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Figure 6. Control system of VSC-HVDC converter

strategy, one converter controls the DC voltage to attain power
stability. The other converter can be set at a value of any active
power within the limit for the system [32].

Simulation Studies

This section is based on simulation studies of the performance
of an offshore wind farm connected to VSC based HVDC for the
control of wind turbine generator, offshore converter, onshore
converter, and to ensure quality output of power to the grid
from the offshore wind farm. The simulation software was used
for designing and simulation of the model. In the study, con-
verter-level models in which the converters are modeled in the
semiconductor switching-level were used. This enables more
realistic results for dynamic performance analysis when com-
pared with phasor models in which the switching of the power
semiconductors are fully ignored and each VSC is modeled as
an AC voltage source with controllable magnitude and control-
lable phase angle. Initially, the wind turbine generator control-
ler was designed to control the generator speed at a certain
wind speed (in this work 15m/s wind speed was selected to test
the performance of controllers) and ensure that a high quality
of power was delivered to the grid. This power is then trans-
mitted to the GSC that controls the DC voltage. The converter
is a three-phase one consisting of double pole VSI employing
6-IGBT switches. It allows bi-directional power flow. A DC link
voltage should be constant when the converter draws current
from the grid and as a reference to keep DC link voltage. Ca-
pacitors values are chosen appropriately to maintain constant
DC-link voltage.

Test System under Study

As described in previous sections, the offshore wind farm con-
tains a number of wind turbines coupled together to transmit
power to the grid and to achieve MPPT. The effect of the DFIG
based offshore wind farm will be analyzed in order to achieve
reliable and stable power transmits to the grid when connect-
ed through VSC-HVDC link. The test system consists of 60 wind
turbines; each is rated at 1.5 MW. Each of them is connected to
the offshore converter (rectifier) through an individual step-up
transformer. The generator rated capacity is chosen to be 1.5
MW, and its parameters are shown in Table 1.

The HVDC link parameters are given in Table 2. Control param-
eters for HVDC converters (offshore and onshore) are given in
Table 3, 4 respectively. The strategy implemented is the direct
power control of wind turbine generator where the converter
is designed to control active and reactive power of the stator
for DFIG. Control parameters of DFIG are given in Table 5. The
simulation period is selected as 3 sec.

HVDC Submarine Cable Selection

In this study, £100 KV submarine polymer cables are used. This
cable differs from the conventional thyristor-based HVDC cable
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Table 1. DFIG Parameters

Table 3. Control parameter for offshore converter

Parameter Rating Controllers Ki Kp Kf
Power rated 1.5 MW P regulator 20 - -
Base voltage 575V P control 3.0 30 -
Base frequency 50 Hz Q regulator 20 -
Base impedence on stator 0.2381 Inner current regulator 0.6 6.0 0.3
Base stator current 2.37 kA
Base speed 1400 r/min Table 4. Control parameter for onshore converter
Torque 119 kNm Controllers Ki Kp Kf
Rotor voltage 690V DC voltage regulator 40 20 -
Rotor current 1.5 kA Q regulator 20 ) )
Q control 30 30 -
. Inner current regulator 6.0 0.6 0.3
Table 2. HVDC transmission Parameters
. DC voltage balance control 0.03 0.2 -
Per unit
Parameter Rating value
Base generated power 90 MW 10 Table 5. DFIG control parameters
Base DC voltage 100 KV 10 Parameter gain Kp Ki
Converter transformer rating 200 MVA - GSC current regulator gains 083 5
Simple AC system at offshore DC voltage regulator gains 8 400
station 230KV / 50Hz 1.0 Speed fegu|at0r gaiﬂS 3 0.6
Offshore side transformer ratio  25KV/230 KV/100 KV - RSC current regulators gains 06 8
DC transmission line 2*75km Pi section - Q and V regulator gains 0.05Var 20 volt
DC line Inductance per Pitch controller gain 150 -
kilometer 0.156H/km -
Pitch compensation gains 3 30
DC line resistance per
kilometer 0.517/km -
Dynamic Performance of the System
DC line capacitance per
kilometer 2.85 F/km - Case 1: Steady State Performance
Phase reactor inductance 0.024 H 0.15 . . .
The active and reactive power generated by the wind farm
Phase reactor resistance 0.075Q) 0.015 for a nominal wind speed of 11m/s is shown in Figure 7. As
100KV/230KV the wind speed is increased from 11 to 15m/s, the generator
Onshore side transformer speed and air gap torque both increase while the stator flux
rating 200MVA - link remains constant. Also generator active power and reac-
. tive power tend to increase because of the constraints arising
40{&\/\\/arat 27 and from changes in the system voltage and frequency. This is a
AC filter 54" harmonics ) result of the control effort of the HVDC rectifier since it limits
AC Grid system 230kV/ 50Hz 10 and also stabilizes the changes in measured value of system

which uses self-contained oil filled or mass impregnated paper
insulated cable. Power reversal is achieved by changing the di-
rection of the current flow.

frequency at the rectifier end.

In Figure 7, nominal DC voltage of the DFIG is set as 1150V
and the output is shown with some ripples at the start up
which is caused by charging and discharging of capacitors.

204



Electrica 2018; 18(2): 198-209
Vural and Ismail. Modeling and Control of an Offshore Wind Farm Connected to Main Grid with HVDC Transmission

Active Power generated by wind farm
T T T

T T
S 100 ’\_(
3
g N
o
100 L L L L |
0 0.5 1 15 2 25 3
Time (seconds)
(@)
Reactive Power generated by wind farm
T T T T T
=3
<
= .50
5 -50
3
o
100 £ I i i I I
0 0.5 1 1.5 2 25 3
Time (seconds)
(b)
DC-link voltage
T T T T T
g 1300
@
S 1200
8
°
> 1100
| L | I |
o 0.5 1 15 2 25 3
Time (seconds)
(c)
Generator speed
T T T T T
EXRRAs
&
‘§ 05 f
n
- 1 1 1 1 1
0 05 1 15 2 25 3

Time (seconds)
d)

Figure 7. a-d. Waveforms for generator at nominal wind speed
to (a) active power (b) reactive power (c) DC link voltage (d) gen-
erator speed.

105 HVDC-link voltage

1=}
n

= Vde P (V)
& o <
] —Vdc N (V)
o
>
05
I }& —
1.5 T
0 0.5 1 15 2 25 3

Time (seconds)

Figure 8. HVDC link voltage

It is observed that the voltage reaches its steady-state value
at approximately 0.3 seconds. The DC link voltage at HYDC
side is shown in Figure 8. The nominal voltage is set at 1p.u
(100KV)
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Figure 9. Response to change in wind speed to (a) active power
(b) reactive power

Case 2: Response to change in wind speed

Initially, wind speed was predetermined at 11m/s and it rapidly
increased to 15m/s. Also in this time interval, the active power
generated tended to rise smoothly until at 1 sec it reached its
rated value as shown in Figure 9.

Step changes to HVDC Controllers

In the following case studies, the design of controllers involves
two strategies:

1. Offshore converter controller is designed to control active
power (P) and reactive power (Q)

2. Onshore converter controller is designed to control reactive
power (Q) and DC voltage (V).

Case 3: Step change to active power controller

The wind farm VSC controller reference is set to 1p.u. At 0.3s the
power is ramped up slowly to reach its set value of active pow-
er reference (90 MW at 0.9 power factor) at 1.0 sec. Also at 1.5
sec, a -0.1p.u step is applied to the active controller reference
and response is observed. Figure 10 shows that the controller
can respond to any change in the system. Subsequently the
measured active power follows its reference active power at
any instant in the simulation process. Similarly, an active power
reference (Pref) is set to 0.5p.u and at 1.5sec, a step change of
0.1p.u is applied to the controller reference and the response
is observed.

Case 4: Step change to reactive power controller
A step change of 0.1p.u is applied at 1.5sec for reactive refer-

ence power and the response from Figure 11 shows that the
measured reactive power follows its reference power at any
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Figure 11. Response to step changes in reactive power at HVDC
rectifier station (increase and decrease)

instant. Also step change to the decrease in reactive power at
1.5sec is also observed. The reactive power can be controlled
to a null value in an offshore converter station since it is a com-
mon control at both converter stations.

Case 5: Step change to DC voltage controller

The GSC controller is established to control reactive power and
ensures constant DC voltage at the HVDC side. The DC volt-
age reference is set to 1p.u. Steady state is reached at about
0.15sec. The controller performance to the change in DC
voltage is observed and it showed that there is a decrease in
voltage to about 0.05p.u (5 KV) at 1.5 sec because of the step
change in the DC reference voltage from 1 p.u to 0.95 p.u as
shown in Figure 12.

Fault Analysis
Case 6: Voltage sag at Offshore side of the Wind Farm

A three-phase programmable voltage source is employed at
the offshore side of the wind farm and voltage sag is applied at

1.5 s. As a result, the active power delivered from the wind farm
tends to deviate from the pre-disturbance state by 0.2 p.u and
reactive power also by 0.2 p.u. The system returns back to its
normal operation after 0.14s from the perturbation as shown in
Figure 13. The simulation time is 3sec. Response to HVDC con-
trollers at HVDC link under this fault is shown in Figure 14. Also
response to fault at the wind farm side for active and reactive
power is shown in Figure 15.

Case 7: Three-Phase to Ground Fault at the Onshore AC
Main Grid

A three phase to ground fault is applied at the grid side of the
wind farm and at 1.5s, the DC power delivered by the wind farm
almost ceased DC voltage rose to 1.2p.u as shown in Figure 16
due to excessive charging of the DC capacitors. The recovery
time from perturbation is 0.12s as shown from the simulation
diagrams in Figure 17. DC voltage control override, which is a
function in the active power controller, limits the DC voltage to
a specified range. Wind farm active and reactive power under
this fault is shown in Figure 18.
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the required amount of energy to the grid through HVDC

transmission, which is converted to three-phase AC and that the voltage at offshore converter bus is 1.0p.u (230 KV),
ready consumption. In this work, a simple AC system of 230  which is sufficient to supply energy to consumer terminal
KV is modeled that operates at 50Hz frequency. It is observed  voltage.
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side and maintaining DC voltage and reactive power at the on-
shore side. It has been verified that active and reactive power

| e 1 can be controlled independently from one another and by in-
\ creasing and decreasing step changes to their reference value.
~71 Also variation in wind speed can have an effect on the dynamic
performance of the system. In addition, the performance of the
controllers is analyzed during fault and it is verified that three-
phase fault could be very critical with regard to the the system
when compared to an unbalance fault.
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Figure 17.Three-phase to ground fault at onshore converter station
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6.
Conclusions
In this paper, design and control of an offshore wind farm con- .

nected through HVDC transmission is implemented. The off-
shore wind farm is designed to deliver power to an AC main grid
using HVDC by an undersea cable transmission. Unlike the con- ¢
ventional thyristor based converters that use thyristor valves, a
VSC employing IGBT switches with SYPWM techniques are used. o
A DFIG is used for driving the wind turbines due to its variable

speed operation. The transmission of power is achieved by the  10.

use of converter (rectifier station) at offshore side for convert-

ing the AC voltage supplied by wind turbine generators intoDC 11

and then transmitted through undersea cables. This transmitted
power is then converted back (inverter station) to AC to feed the

grid. The control of this system is achieved through the control of 12.
wind turbine generators and wind speed by ensuring that high
quality power is delivered to the grid.

13.

The developed control strategy verified the dynamic and tran-
sient operation of the system to VSC-based-HVDC transmission.
It involved control of active and reactive power at the offshore

208

ceived no financial support.
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