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Abstract

This thesis deals with the operation and control of VSC based grid connected wind farms.
The fast growth of wind generation has led to concern about the effect of wind power on the
stability of the electric grid. Therefore, it is essential to analyze the effect of wind farm penetration
into power system on its frequency and other characteristics, especially frequency drop when
unexpected generation loss due to a fault in the grid system or load increase occurs. During severe
network disturbance such as a short circuit fault, the terminal voltage of wind farm decreases
significantly and active power from wind farm cannot be supplied to the grid system. New studies
must be performed in order to evaluate the behavior of the wind farms after severe faults and
improve the design of the wind farms in an efficient and economical way. Therefore, the
interaction between wind farm and grid system from points of view of transient and steady state
characteristics has become a very important issue to be analyzed.

The Fixed Speed Wind Turbines with Squire Cage Induction Generators (FSWT-SCIGSs)
are widely used in wind farm due to their advantages of mechanical simplicity, robust construction,
and lower cost. However, the FSWT-SCIG directly connected to the grid does not have any LVRT
(Low Voltage Ride Through) capability when a short circuit occurs in the system. Moreover, under
steady state condition its reactive power consumption cannot be controlled and hence terminal
voltage of the wind generator leads to large fluctuation. Combined installation of PMSG
(Permanent Magnet Synchronous Generator) and SCIG in a wind farm can be considered a good
solution, because the PMSG can provide the required reactive power of SCIG during fault
condition. Therefore, in this thesis new control system for cooperated stabilizing control of PMSG
based grid connected wind farm is proposed and it is shown that the proposed control system can
stabilize the wind farms effectively.

Currently, most of studies about PMSG system consider normal operation, for example,
realization of maximum power point tracking. Studying on the PMSG system protection is not so
much, meanwhile, enhancement of FRT (fault ride-through) capability is required for operating of
wind farm. The wind farm should stay online during and after a network disturbance. When a fault
occurs in the grid, a voltage dip appears at the terminal of wind generator and then the active power
delivered to the grid is also reduced. As the generator side converter is decoupled with the grid,

generator continues to generate the active power and thus the DC-link voltage increases due to the
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energy unbalance between the generator side converter and the grid side converter. Usually, a
simple DC chopper with a braking resistance is inserted into the DC-link circuit to dissipate the
active power produced by PMSG in such a way that the active power balance in the DC-link circuit
is maintained. However, it can have a problem if the active power coming from the PMSG is not
balanced against the capacity of braking resistor. This is because the capacity of resistor in the
protection system with a simple DC chopper is constant (uncontrolled). In order to solve the
problem new topology of DC-link protection of PMSG by using buck converter is proposed in this
thesis. From the simulation results, it is shown that the proposed method can control well the DC-
link voltage as well as other dynamic responses of PMSG such as rotor speed and active power
output. Therefore it is concluded that the dynamic performance of PMSG can be enhanced by the
proposed DC-link protection system.

Offshore wind farm can be connected to onshore power system using HVAC transmission
technology if the wind power plant is near the onshore. But HVDC technology may be more
attractive for the transmission of bulk power over long distances. HVDC becomes a more
economical solution than HVAC in the case of transmission over a certain distance called "break-
even". The break-even distance is between 500-800 km for overhead lines and around 50 km for
submarine cables.

In this thesis, Fixed Speed Wind Turbine-Squirrel Cage Induction Generator (SCIG) based
wind farm which is connected to onshore power system through the VSC-HVDC transmission
system is also considered. This is because, in comparison with DFIG and PMSG, SCIG has some
superior characteristics such as a simple design with high reliability, brushless and rugged
construction, low investment and maintenance cost, and operational simplicity. In addition, the
SCIG needs no individual power converter in its operation. Although SCIGs have almost no Low
\oltage Ride Through (LVRT) capability, the LVRT capability of the SCIG based wind farm can
be enhanced if the wind farm is connected to onshore main grid through VSC-HVDC line and
controlled by the proposed cluster VSC converter system. It is shown that the proposed system
based on the SCIG wind turbines controlled by the new cluster converters with VSC-HVDC
system can enhance the performance and stability of the SCIG based wind farm under both

transient and steady state conditions.
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Chapter 1

Introduction

1.1. Renewable Energy

Due to the depletion of fossil fuel and the need to decrease the pollution production,
utilization of renewable energy resources for electrical energy generation has been interested and
received much attention all over the world. Renewable energy uses energy sources that are
continually provided by nature such as sunlight, wind, rain, tides, waves, and geothermal heat, etc.
Renewable energy technologies drive these nature energy sources into usable forms of energy
often in four important areas: electricity generation, air and water heating/cooling, transportation,
and rural energy services [1].

Most of new renewable energy capacity has been installed in developing countries, and
largely in China. In 2016, renewable energy spreads to a growing number of developing and
emerging economies, some of which have become important markets. Renewable power
generating capacity saw its largest annual increase ever in 2016, with an estimated 161 Giga Watts
(GW) of capacity added. Total global capacity was up by nearly 9% compared to 2015, to almost
2,017 GW at year’s end. The world has continued to add more renewable power capacity annually
than that of the net capacity from all fossil fuels combined. In 2016, renewable energy accounted
for an estimated nearly 62% of net additions to global power generating capacity [2]. Table 1.1

shows the record numbers reached for newly installed renewable power generating capacity.

Table 1.1. Record number for installed capacity of renewable energy in 2015-2016 (MW) [2]

2015 2016

Renewable power capacity (total, not including hydro) GW 785 921
Renewable power capacity (total, including hydro) GW 1856 2,017
B Hydropower capacity? GW 10N 1,096

] Bio-power capacity GW 106 12
£ Bio-power generation (annual) TWh 464 504
Geothermal power capacity GW 13 13.5
Solar PV capacity GW 228 303
Concentrating solar thermal power capacity GW 47 4.8
Wind power capacity GW 433 487
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1.2. Overview of Installed Wind Power Capacity

Since 2001 wind energy has become ongoing trend of renewable energy resource in market
and industry highlights. Fig. 1.1 shows the annual and global total installed capacity of wind power
in 2001-2016 reported by World Wind Energy Association (WWEA). By the end of 2016, the
global wind power capacity reached 486,749 MW, in which 56,600 MW were added in the first
six months of 2016 [3].

According to WWEA, the five leading countries, China, USA, Germany, Spain and India,
represent together a total share of 72.5% of the global wind capacity as shown in Fig. 1.2. Again
in 2016, PR China represents by far the largest wind markets. By the end of 2016, China has had
an overall installed capacity of around 168,690 MW. In second place, the US had total installed
capacity of around 82,148 MW at the end of 2016.

GLOBAL ANNUAL INSTALLED WIND CAPACITY 2001-2016

70,000 MW a6
60,000
51675

e 4063 i
40000 #4750 30
0000 285
o zusm

' HSJJ rm}
0,000 6,500 7270 8133 827

m m N I

001 2000 2003 2004 W01 2012 201 2004 2015 2016

Source: CWEC

GLOBAL CUMULATIVE INSTALLED WIND CAPACITY 2001-2016

500,000 MW 486,749
450,000 432,680
400,000 369,862
350,000 318,697
300,000 260,850
250, 28,110
Iﬂﬂﬁ 197,956
150'm F59 052
; nou =
100,000 59091 73957
47620
50000 23,900 31,100 9431 . l
oom um HH [
000 2002 2003 2004 2005 000 201 2012 2013 014 016

Source: GWEC

Fig. 1.1. Global annual and cumulative installed capacity of wind power in 200-2016 [3]
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TOP 10 NEW INSTALLED CAPACITY JAN-DEC 2016 TOP 10 CUMULATIVE CAPACITY DEC 2016
Rest of the world PR China Rest of the world PR China
(anada
United
Kingdom Italy
Netherlands
Turkey Brazil
France (anada
Brazil - France
United
Kingdom
India
g Spain
India
Germany USA Germany USA
Country MW % Share Country MW % Share
PR China* 23,328 42.7 PR China* 168,690 47
USA 8,203 15.0 USA 82,184 16.9
Germany 5,443 10.0 Germany 50,018 10.3
India 3,612 6.6 India 18,700 59
Brazil* * 2,014 3.7 Spain 23,074 47
France 1,561 29 United Kingdom 14,543 3.0
Turkey 1,387 25 France 12,066 25
Netherlands 887 1.6 (anada 11,900 14
United Kingdom 736 13 Brazil** 10,740 22
Canada 702 13 Italy 9,257 19
Rest of the world 6,727 123 Rest of the world 75,517 15.5
Total TOP 10 47,873 88 Total TOP 10 M2 84
World Total 54,600 100 World Total 486,749 100
Source: GWEC Source: GWEC

Fig. 1.2. New and cumulative installed capacity of wind power of Top 10 countries in 2016 [3]

1.3. Background of Thesis

The rapid increase in installation of large-scale wind farm into the grid system would have
a serious impact on the system stability and power quality due to the variation of generated power
from wind generators [4]-[7]. Increasing of the penetration level of the wind generator into grid
system has led power system operators to revise the grid code connection requirements for their
power system in many countries [8]. The grid code prosecutes that the wind generator should give
a contribution to control the power in case of abnormal operating conditions such as network
disturbance. The wind generators should be remained stay online during a network disturbance.
The low voltage ride through grid code requirement should be taken into account when a short
circuit occurs in grid system. Out of synchronism of a large number of wind generators becomes

serious impact on power system stability. Therefore, the interaction between wind farm and power
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system such as transient and steady state characteristics of wind farm has become important to be
analyzed in the few last years.

The Fixed Speed Wind Turbines with Squirrel Cage Induction Generators (FSWT-SCIG)
are most widely used in wind farms. This type of wind turbine is very popular and it has the
advantages of mechanical simplicity, robust construction, low specific mass and smaller outer
diameter, and lower cost [9]. However, some papers reported that the FSWT-SCIG directly
connected to the grid does not have any low voltage ride-trough (LVRT) capability when a short
circuit occurs in the system [10]-[12]. The squirrel cage induction generators require large reactive
power to recover the air gap flux when a short circuit fault occurs in the grid system. If the
sufficient reactive power is not available enough, the electromagnetic torque of the SCIG decreases
significantly, and then rotor speed of the generator increases rapidly and becomes unstable [13].
As a result, the induction generator becomes unstable and it requires to be disconnected from the
grid system. Moreover, under steady state condition the reactive power consumption cannot be
controlled and hence terminal voltage of the wind generator leads to large fluctuation which is a
serious disadvantage of the SCIG wind turbine [14].

The variable speed wind turbine (VSWT) generator system has become the dominant type
among installed wind turbine systems. VSWT system is designed to achieve maximum
aerodynamic efficiency over the wide range of wind speed, increase energy capture, improve
power quality, and reduce mechanical stress on the wind turbine [14]. In addition, VSWT system
equipped with full or partial rating power electronic converters has strong fault ride through
capability during a network disturbance [15]-[19]. Moreover, the VSWT system with fully scale
converter not only recovers a network voltage drop preventing instability of FSWT -SCIG when
fault occurs, but also generates electric power in steady state. Therefore, it is considered to be
much effective for VSWT to be installed with SCIG in wind farm.

Variable Speed Wind Turbine with Permanent Magnet Synchronous Generator (VSWT-
PMSG) has become a promising and attractive type of wind turbine concept [14]. Megawatt class
of VSWT-PMSGs have been installed in large wind power stations and directly connected to
electrical power transmission system. The advantages of VSWT-PMSG configuration are: 1) No
Gearbox and no brushes, and thus higher reliability; 2) The full power converter totally decouples
the generator from the grid, and hence grid disturbances have no direct effect on the generator; 3)

No additional power supply for magnetic field excitation is needed; 4) The converter permits very

4



Operation and Control of VSC based Grid Connected Wind Farm

flexible control of active and reactive power in cases of normal and disturbed grid conditions; 5)
The amplitude and frequency of the generator voltage can be fully controlled by the converter [20],
[21]. The VSWT-PMSG system is equipped with back to back power electronic converters, and it
has strong low voltage ride through capability during and after fault condition on grid system [22]-
[26]. Compared with DFIG, PMSG is more efficient, and, it can support large reactive power [27].
However, this type of wind generator has more complex construction and more expensive
compared with other types. Therefore, combined installation of VSWT-PMSG and FSWT- SCIG
in a wind farm can be efficient to reduce system investment cost. VSWT-PMSG with power
converters can be used to supply reactive power to recover network voltage in order to improve
the LVRT of FSWT-SCIG when a fault occurs as well as to generate electric power in steady state
operation.

Currently, most of PMSG system studies consider normal operation, for example, realization
of maximum power point tracking. Studying on the PMSG system protection is not so much [28],
meanwhile, enhancement of FRT (fault ride-through) capability is required for operating of wind
farm. Therefore, enhancement of protection system of the wind generator is very important to be
studied. When a fault occurs in the grid, a voltage dip appears at the terminal of wind generator
and then the active power delivered to the grid is also reduced. As the generator side converter is
decoupled with the grid, generator continues to generate the active power and thus the DC-link
voltage increases due to the energy unbalance between the generator side converter and the grid
side converter. Usually, a simple DC chopper with a braking resistance is inserted into the DC-
link circuit to dissipate the active power produced by PMSG in such a way that the active power
balance in the DC-link circuit is maintained [29-31]. However, it can have a problem if the active
power coming from the PMSG is not balanced against the capacity of braking resistor. This is
because the capacity of resistor in the protection system with a simple DC chopper is constant
(uncontrolled).

Offshore wind farms have been introduced in many countries to harness the energy of strong,
consistent winds over the oceans. Offshore wind farms have some advantages over onshore wind
farms. They provide renewable energy, do not consume water, provide a domestic energy source,
and do not emit any environmental pollutants. Compared to onshore winds the offshore winds
blow stronger and more uniformly. Accordingly, offshore winds can generate much smoother

electricity. Moreover, offshore wind power plants have more steady operation than onshore plants

5
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[32]. Offshore wind farm can be connected to onshore power system using HVAC transmission
technology if the wind power plant is near the onshore. But HVDC technology may be more
attractive for the transmission of bulk power over long distances. HVDC becomes a more
economical solution than HVAC in the case of transmission over a certain distance called "break-
even". The break-even distance is between 500-800 km for overhead lines and around 50 km for
submarine cables [33]. There are two kinds of technologies used in HVDC transmission system;
thyristor based LCC (Line Commuted Converter) and transistor based VSC (Voltage Source
Converter) [34]-[36]. VSC-HVDC provides some advantages compared with the LCC-HVDC
such as black start capability, independent control of active and reactive powers, multi-terminal
configuration, and high dynamic performance [27]. It can be also said that application of VSC-

HVDC technology to offshore wind farm can enhance performance and stability of the wind farm.

1.4. Purpose and Contribution of Thesis

The main purpose of this thesis is stability enhancement of grid connected wind farm through
VVSC-HVDC. The results of this work are expected to provide valuable contributions in the
following aspects:

1) A control system design for cooperated stabilizing control of PMSG based grid connected
wind farm. In this study, a wind farm composed of PMSGs and SCIGs is considered to be
connected to multi-machine power system. Though outputs of the SCIG based wind turbines are
collected on AC network, PMSG based wind turbines are integrated in DC network with single
grid side converter. In order to contribute to frequency and voltage stabilizing control, controller
system of the inverter is modified in order for its active and reactive powers to be delivered to the
grid easily and effectively. Simulation analysis is performed by using PSCAD/EMTDC, in which
comparative analysis between proposed control strategy and conventional strategy is performed.

2) An improvement of DC-Link protection of PMSG based wind turbine under network
disturbance by using new back controller system. Protection system for DC-link circuit of back-
to-back converter of PMSG (Permanent Magnet Synchronous Generator) based wind turbine is
essential part for the system to ride through a network fault in grid system. Voltage on the DC-link
circuit can be increased significantly due to power unbalance between stator side converter and
grid side converter. Increase of DC-link circuit voltage can lead to a damage of IGBT of the

converter and control system failure. The buck converter is used to control supplied voltage of a
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breaking resistor to dissipate energy from the wind generator during network disturbance. In order
to investigate effectiveness of the proposed DC-link protection system, fault analysis is performed
in the simulation study by using PSCAD/EMTDC software program. In addition, comparative
analysis between the proposed protection system and the conventional protection system using DC
chopper is also performed.

3) Enhancement of wind turbines cluster system composed of Squirrel Cage Induction
Generators (SCIGs) controlled by cluster converter based VSC-HVDC System. The wind turbine
cluster systems (multiple clusters) are installed in an offshore wind farm and connected to onshore
system through a Voltage Source Converter based High Voltage Direct Current (VSC-HVDC)
transmission line. A control scheme of cluster converter and VSC-HVDC converter systems are
developed so that power production by SCIGs can be delivered to the onshore system effectively.
In this study dynamic behavior of the wind turbines has been investigated by simulation study
performed by using PSCAD/EMTDC for fluctuating wind speed and short circuit fault. Simulation
results show that the proposed cluster system composed of SCIGs has high performance under

transient and steady state conditions.

1.5. Outline of Thesis

Chapter 2 describes the detail of wind turbine generator modeling considered in this thesis.
The general overview to basic principles of electrical power extraction from wind energy is
presented. The drive train and pitch angel control models of wind turbine generator system are
discussed. Finally, the topological overview and modeling are presented in detail for both FSWT-
SCIG and VSWT-PMSG.

In Chapter 3, consideration on combined VSWT-PMSG and FSWT-SCIG from a view point
of dynamic stability augmentation of wind farm is presented. A control strategy of power converter
of VSWT-PMSG is developed to augment both transient and steady state stabilities of the wind
farms. During fault condition the DC link voltage increases significantly due to unbalance in power
produced by the generator and delivered to grid system. In order to avoid the converter damage,
the protection scheme using DC chopper is embedded on DC link circuit. In order to evaluate the
effectiveness and capability of the proposed control strategy, two wind farms composed of
aggregated model of VSWT-PMSG and FSWT-SCIG, which are connected to an infinite bus and

a multi-machine power system, are analysed.
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In chapter 4, a new DC-link protection scheme using buck converter is proposed for
permanent magnet wind generator and its performance under network disturbance condition is
investigated. Comparative simulation analysis is performed for severe three-line to ground (3 LG)
fault between the proposed DC-link protection system and the conventional protection system.
From the simulation results, it will be shown that the proposed method can control well the DC-
link voltage as well as other dynamic responses of PMSG such as rotor speed and active power
output.

In Chapter 5, the new wind turbine cluster system composed of Squirrel Cage Induction
Generators (SCIGs) controlled by cluster converters with VSC-HVDC system is proposed and
investigated. The dynamic and steady state characteristics of the proposed system are analyzed
through simulation studies by using PSCAD/EMTDC. The simulation study will demonstrate that
the proposed system can enhance the performance and stability of the SCIG based offshore wind

farm under both transient and steady state conditions.
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Chapter 2

Wind Turbine Model

This chapter describes the overview of wind turbine generation system. First, a brief
introduction to basic principles of energy extraction from wind is presented. Then, drive train and
pitch angel control models of wind turbine generator system are presented. The topological
overview and modeling are presented for both fixed speed and variable speed wind turbine
generator systems and at the end of the chapter the VSC-HVDC (Voltage Source Converter based

High Voltage Direct Current) system is discussed.

2.1. Wind Turbine Generator System (WTGS)

The modern wind turbine generator systems are mainly constructed as system with a wind
turbine of horizontal axis rotation, generator with gear box and rotor break located in nacelle, and
tower as shown in Fig 2.1. The turbine captures power from wind and drives a generator. The

tower supports the nacelle and usually contains the electrical conduits and yaw motor.

A

Rotor blade Rotor brake

Gearbox  poctrical

Wind controls

Nacelle

Rotor hub Generator

Yaw system

Tower

Connection to

/ Power grid
| Foundations
I

Fig. 2.1. Horizontal axis wind turbine [37].




Operation and Control of VSC based Grid Connected Wind Farm

The each part of wind generator system is shown in Fig 2.2. The modern wind turbine
(sometimes called the rotor), mostly has three blades. Wind blowing over the blades causes the
blades rotate. Wind speed is measured by using anemometer, and its data is transmitted to the
controller. A disc brake can be applied mechanically, electrically, or hydraulically to stop the rotor
in emergencies. Wind vane measures wind direction and communicates with the yaw drive to
orient the turbine properly with respect to the wind. The yaw drive is used to keep the rotor facing

into the wind as the wind direction changes.

N\ _~ ]
=7 P
i J g

—Blades K
) > .
Rotor
o /
e ]
2 Pitch system ‘
o M&
) | QRSN Controll
: i c Anemometer
Brake l P
direction \]F .
Yaw momr—% \Nacelle Wind vane
TS Generator High-speed shaft

Fig. 2.2. Each part of the wind generator system [38].

The modern wind turbine generator system can operate as fixed speed or variable speed. The
fixed speed wind turbines are equipped with an induction generator (squirrel cage rotor or wound
rotor). This type of wind turbine is designed to achieve maximum efficiency at one particular wind
speed. Fixed speed wind turbine has often two windings which are used at low and high wind
speed respectively in order to increase power production. In variable speed wind turbines, it is
possible to control continuously the rotational speed of the wind turbine according to the wind
speed. By this way, the maximum aerodynamic efficiency can be achieved over a wide range of
wind speed [39]. The variable speed wind turbine is typically equipped with an induction or
synchronous generator. The Doubly Fed Induction Generator (DFIG) and Permanent Magnet

Synchronous Generator (PMSG) are mostly used as variable speed wind generator.
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2.2. Characteristic of Wind Power Generation

2.2.1. Wind Energy

Wind is one form of solar energy. Winds are caused by the uneven heating of the atmosphere
by the sun, the irregularities of the earth's surface, and rotation of the earth. The wind moves from
high-pressure air to low-pressure air. Wind flow patterns are modified by earth’s terrain, bodies of
water, and vegetative cover [40]. Wind energy can be converted into other energies such as,
modern wind turbines to generate electricity, wind pumps for water pumping or drainage,
windmills for mechanical power, or screens to push ships. Wind energy can be an alternative to
fossil fuels, though there are many unlimited, renewable, widely distributed, clean energy, which
does not produce greenhouse gas emissions in operation and can be used on small land [41].
Compared with other energy sources its negative effects are generally not so much.

To extract wind energy, the basic theory of wind power technology can be described by
equations (2.1)-(2.4) below. The power of an air mass that flows at speed Uy through an area A

can be calculated as follows [42]:

Ex = 0.5p VU2 2.1)
where:

Ek = Kkinetic energy (Kg m?/sec? or Joules)

p = air density (kg/mq)

V = volume of air (m3)

Uw = wind speed (m/sec)

Power is expressed in kinetic energy per unit time, Ke =d(EK)/dt. To obtain the expression of
wind power, Ke can be expressed as:
Ke = 0.5p(A4.dx) Uu? (2.2)

The volume of air V is expressed with an area A perpendicular to the wind flow multiplied by the
horizontal displacement in the direction of wind flow dx. The power of the wind or change in
kinetic energy per unit time is expressed by:

d(Ke)
at

P = %(O.Sp(/l. dx)Uw?) = 0.5p(A. dx/dt) Uw? (2.3)

Since dx/dt is in fact the wind speed Vy, the P can be expressed by:
P =0.5p4.Us® (2.4)

11
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2.2.2. Power Output from Practical Wind Turbine

The fraction of power extracted from the wind power by a practical wind turbine is usually
given by the symbol C,, standing for coefficient of performance or power coefficient. Using this
notation and dropping the subscripts of Eq. 2.6, the actual mechanical power output can be written
as [43]:

Put = 0.5p 1R?U3,Cp(4,8) (2.7
Where, R is the blade radius of the wind turbine [m], Vw is the wind speed [m/sec], p is the air
density [kg/m?]. The co-efficient of performance is not constant, and varies with the wind speed,
the rotational speed of the turbine, and turbine blade parameters like angle of attack and pitch angle.
Generally, it is said that power co-efficient, Cp, is the function of the tip speed ratio, 4, and blade

pitch angle, g [degree].

= 2R (2.8)

Uuw

Where, wr is the mechanical angular velocity of the turbine rotor in rad/s, and Uy the wind speed

in m/s. The angular velocity, wr, is determined from the rotational speed, n (r/min) by the equation

(2.9)

2m
wr = —
60

2.3. Drive Train Model

The drive train of a wind turbine generator system consists of the following elements: a
blade-pitching mechanism with a spinner, a hub with blades, a rotor shaft and a gearbox with
breaker and generator [44]. Depending on the complexity of the study, the complexity of the drive
train modeling differs. For example, when the problems such as torsional fatigue are studied,
dynamics of all parts have to be considered. For these reasons, two-lumped mass or more
sophisticated models are required. However, when the study focuses on the interaction between
wind farms and grid system, the drive train can be treated as one-lumped mass model with
acceptable precision for the sake of time efficiency [45], [46]. In the present study, it is modelled

by the following equation:

dor _Te-Tm _Bm o (2.10)

where oy is the mechanical angular speed (rad/s) of the generator, Bn is the damping coefficient

(Nm/s), Te is the electromechanical torque (Nm), Tr, is the mechanical torque of the wind turbine,

12
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and Jeq is the equivalent rotational inertia of the generator (kg.m?). The one mass model of wind

turbine is shown in Fig. 2.4.

Fig. 2.4. One mass model of wind turbine

2.4. Pitch Controller Model

Wind power extraction by wind turbines depends on wind speed, and thus, output power of
a wind generator always fluctuates due to variations in wind speed. For maintaining the output
power of the generator below the rated level, the two pitch controllers are considered in this paper.
Figs. 2.5 and 2.6 show the pitch control models for fixed speed and variable speed wind turbines,
respectively. The control loop for the actuator of pitch control is represented by first order transfer
function with an actuator time constant (Ts=5) and rate limiter of 10 deg/s [47]. A classic Pl
controller is used to manage tracking error. In fixed speed wind turbine, the pitch controller is used
to keep the power output of SCIG (squirrel cage induction generator) under the rated power (Pic
=1 pu), and in variable speed wind turbine, the pitch controller is used for keeping the rotational

speed of the PMSG under its rated value (wr = 1 pu).

+ PI 1 IWSﬁ /90
Prg Controller > 1+568s —> 74 > .'ﬂ

Fig. 2.5. Pitch controller for fixed speed wind turbine
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. PI 1 lle f 90
@r _..O_b Controller i 1458 —FJ &/ >

1 pu

Fig. 2.6. Pitch controller for variable speed wind turbine

2.5. Fixed Speed Wind Generator
2.5.1. Basic of the Induction Machine

The induction machine consists of the stator and rotor windings. When balanced three-
phase currents flow through the stator winding, a field rotating at synchronous speed, ns, is

generated [48]. The synchronous speed, ns, in revolutions/minute is expressed as:
120 fs
T oof

Where fs (Hz) is the frequency of the stator currents, and pr is the number of poles. If there is

(2.11)

relative motion between the stator field and the rotor, voltages of frequency fr (Hz) are induced in

the rotor windings. The frequency f. is equal to the slip frequency sfs, where the slip, s, is given
by:

_ ns—nr

s = (2.12)

ns

Where n; is the rotor speed in revolutions/minute. The slip is positive if the rotor runs below the
synchronous speed and negative if it runs above the synchronous speed [48].

Figure 2.7 shows the schematic of the cross-section of a three-phase induction machine with
one pair of field poles, and Figure 2.8 illustrates the stator and rotor electrical circuits. The stator
consists of three-phase windings as, bs and c¢s distributed 120° apart in space. The rotor circuits
have three distributed windings ar, br and cr. The angle @ is given as angle by which the axis of the
phase ar rotor winding leads the axis of phase as stator winding in the direction of rotation, and wr
is the rotor angular velocity in electrical rad/s. The angular velocity of the stator field in electrical

rad/s is represented by ws =2 zfs.
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bs axis

br axis

m!
4 . —
ar axis ___ ’T

&5 8,

| R S

as axis

Craxis

Fig. 2.8. Two-pole three-phase, wye connected symmetrical induction machine

Voltage is induced in the rotor phases by virtue of their velocity relative to the stator field,
in accordance with Faraday’s Law. The magnitude of the induced e.m.f, is proportional to the slip.
If the rotor is stationary, then the induction machine may be regarded as transformer. Suppose the
induced rotor voltage in each phase at standstill is V. Since the induced voltage is proportional to

the rate of change of flux, the rotor voltage at a particular slip s will be, rotor voltage = sVr.

2.5.2. Equivalent Circuit of Induction Generator
The single and double cage induction generators are used as fixed speed wind generators.
The equivalent circuits of single and double cage induction generators are show in Figs. 2.9 and

2.10, respectively, where s denotes rotational slip [47],[49].
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Fig. 2.9. Equivalent circuit of single cage induction generator
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Fig. 2.10. Equivalent circuit of double cage induction generator

From the single cage equivalent circuit of an induction generator shown in Fig. 2.9, the loop

equations can be derived as follows:

V, = —(r1+jxm)ll+ Xm I2
(2.13)

. r . .
0= Jxmll—(?z+1x2+ Xm)1, (2.14)

From these two equations we can obtain the desired currents Iy and I>. Again, from the equivalent
circuit of a single cage induction generator, we can calculate the input power of the induction

generator, Pic_in single, Which is actually the output power of the wind turbine, as follows:

_ 221-5)
PIG_SingIe - |2 S 2 (2.15)

From double cage equivalent circuit of the induction generator shown in Fig. 2.10, the loop

equations can be derived as:

. r . . . r .
0= ijll—(%+ o1 + iXyg + Xm)1, +(%+ o115 (2.16)
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r _ r r ) )
0= (%+ jX21)|2 —(%+%+ X9q + iX99 )I3 (2.17)

L 2(1-5) 22(1-5)
PIG_DoubIe - |3 S r22+(|3_|2) S 21

(2.18)

From the equations above we can get the desired currents I1, I2, and 3. From the equivalent circuit
of the double cage induction generator, we can calculate the input power of induction generator,
Pic_in Double, @S Shown in Eq. (2.18). We can also calculate the output power of both single and

double cage induction generators from the equivalent circuits shown in Figs. 2.9 and 2.10.

2.5.3. SCIG Wind Turbine Topology

A fixed speed wind turbine consists of a conventional, directly grid coupled squirrel cage
induction generator (SCIG), which has some superior characteristics such as brushless and rugged
construction, low cost, maintenance free, and operational simplicity. The slip and hence the rotor
speed of a squirrel cage induction generator varies with the amount of power generated. These
rotor speed variations are, however, very small, approximately 1 to 2 % of the rated speed.
Therefore, this type of wind energy conversion system is normally referred to a fixed speed wind
turbine generator system. The advantage of a fixed speed system is that it is relatively simple.
Therefore, the list price of fixed speed turbine tends to be lower than that of variable speed turbines.
However, fixed speed turbine must be more mechanically robust than variable speed turbines [50].
Because the rotor speed cannot be varied, fluctuations in wind speed translate directly into drive
train torque fluctuations, causing higher structural loads than the case with variable speed
operation. This partly cancels the cost reduction achieved by using a relatively cheap generating
system.

A fixed speed wind turbine with SCIG is simplest electrical topology in a wind turbine
concept. The schematic configuration of the fixed speed wind turbine is depicted in Fig. 2.11. It
consists of SCIG directly connected to the grid, a soft-starter and a capacitor bank. The wind
turbine transfers the kinetic energy of wind flow into mechanical energy. The SCIG transforms
the mechanical power into electrical power and delivers the power directly to the grid system.
Generally, the rotational speed of the generator is relatively high compared with that of wind
turbine. Therefore, the wind turbine speed needs to be stepped up by using a multiple-stage
gearbox with an appropriate gear ratio.
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Fig. 2.11. Fixed speed wind turbine with SCIG configuration

The SCIG absorbs significant amount of reactive power from the grid. The reactive power
consumption increases along with active power output. In order to compensate reactive power
consumption a capacitor bank should be installed close to the generator terminal.

Since mechanical power is converted directly to electrical power by the generator, complex
controller is not needed in the electrical part of a fixed speed wind turbine. However, a pitch
controller is needed to regulate the pitch angle of the turbine blades () to keep power output of
SCIG (Pig) under the rated value. The advantages of a fixed-speed wind turbine are that it has a
simple design with high reliability and has low investment and maintenance costs. However, low
aerodynamic efficiency, high mechanical stress during gusty wind speeds, and difficulties in
adapting to new grid compliances, such as fault ride-through and reactive power support, are the

shortcomings of this concept.

2.6. Variable Speed Wind Turbine with PMSG

Another commercial trend of wind power generation is to use variable speed wind turbine
(VSWT) driving a doubly fed induction generator (DFIG), wound field synchronous generator
(WFSG) or permanent magnet synchronous generator (PMSG). The main advantage of variable
speed operation is that more energy can be, in general, generated than that in the fixed-speed

system. Although the electrical efficiency decreases due to the losses in the power electronic

18



Operation and Control of VSC based Grid Connected Wind Farm

converters that are essential for variable speed operation, the aerodynamic efficiency increases due
to variable speed operation [50]. The aerodynamic efficiency gain can exceed the electrical
efficiency loss, resulting in higher overall efficiency [51-52]. In addition, the mechanical stress is
less, because the rotor can act as a flywheel (storing energy temporarily as a buffer), reducing the
drive train torque variations. Noise problems are reduced as well, because the turbine runs at low
speed. The main drawback of variable speed generating systems is that they are more expensive.
However, using a variable speed generating system can also give major savings in other
subsystems of the turbine such as lighter foundations in offshore applications, limiting the overall

cost increase, etc.

2.6.1. PMSG Wind Turbine Topology

Typical configuration of a PMSG wind turbine is shown in Fig. 2.12. A direct-drive PMSG
wind turbine uses a synchronous generator whose rotor is excited by permanent magnets and
whose stator windings are connected to the grid through a full-rating power converter. The large
number of poles mounted on the rotor allows the generator to operate at low speeds. This means

that the gearbox can be omitted, and the generator is directly coupled to the wind turbine rotor.

Turbine
SSC GSC Transformer
. DC Link
HE + L] ]
,—-— | 1\ ]

E yv.I y Vi | v Vel
P Y A J Y 'z
o Control System
B

Fig. 2.12. Variable speed wind turbine with PMSG configuration

The back to back power converter consists of stator side converter (SSC) and the grid side

converter (GSC) linked by a DC link circuit. The three-phase AC output of the generator is
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converted to DC output, and then it is fed to an IGBT-based inverter. The GSC output is supplied
to a step-up transformer, which delivers the energy to the grid system. The rating of the power
converter depends on the rated power of the generator. The full scale power converters control the
generated power and the power flow to the grid. In addition, it decouples the electrical grid
frequency and the mechanical rotor frequency, and thus the variable speed generation can be

possible.

2.6.2. PMSG based Wind Turbine Model [53]
The electrical model of PMSG wind turbine can be represented by the equivalent circuit
shown in Fig. 2.13 [53]. The equivalent circuit model is divided in three parts; generator side, DC-

link circuit, and grid side.

QO ® oF @ ¢

Py
Vae Vie

Q

Generator DC-Link . Grid
Fig. 2.13. Equivalent circuit of PMSG based wind turbine [53]

2.7. VSC-HVDC System

HVDC technology has been utilized in the electric power system for about sixty years since
the first commercial link was put into operation between Sweden mainland and the island of
Gotland in 1954. Today, it can be categorized in two types based on the switching devices
employed in the converter, CSC-HVDC (Current Source Converter High Voltage Direct Current)
and VSC-HVDC (Voltage Source Converter High Voltage Direct Current). CSC uses thyristor
valves as switching devices. It is a kind of Line Commutated Converter (LCC) because thyristor
can only be switched off when the current through it passes zero, and therefore, it requires line
voltage for commutation. CSC-HVDC is suitable for high voltage bulk power and long distance
transmission projects without the effect of capacitance along the long transmission line [54]. The
typical examples are the Ultra HVYDC (UHVDC) projects commissioned recently in China, which
transmit about 6000MW power from hydro plants to the load area about 2000 km away through
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two overhead lines with +800 kV dc voltage. Other applications include e.g. connection of two

unsynchronized ac grids, or even grids with different system frequency.

Two level VSC

{t} 4 = Capacitors
Transformer Reactors

ﬂ} ) —
I

AC filters -It} 1 T

Fig. 2.14. Typical configuration of VSC-HVDC with two-level converter.

The configuration of VSC-HVDC system using two-level VSC is shown in Figure 2.14.
Insulated Gate Bipolar Transistor (IGBT) is commonly used with Pulse-Wide Modulation (PWM)
control method in VSC-HVDC projects. The features of the VSC-HVDC are independent control
of both active and reactive power, supply of passive networks and black-start capability, high

dynamic performance and multi-terminal possibility.

2.8. Chapter Summary

In this chapter, the basic theory of energy extraction from wind is described briefly. Then,
wind turbine, drive train and pitch angel control models of wind turbine generator system are
presented. The fixed speed and variable speed wind turbine topology overview and electrical
modeling system are explained and at the end of the chapter VSC-HVDC is briefly explained.
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Chapter 3

Cooperated Stabilizing Control of PMSG based Grid Connected
Wind Farm

This chapter proposes a control system design for cooperated stabilizing control of PMSG based
grid connected wind farm. In this study, a wind farm composed of PMSGs and SCIGs is considered
to be connected to multi-machine power system. Though outputs of the SCIG based wind turbines
are collected on AC network, PMSG based wind turbines are integrated in DC network with single
grid side converter. In order to contribute to frequency and voltage stabilizing control, controller
system of the inverter is modified in order for its active and reactive powers to be delivered to the
grid easily and effectively. Simulation analysis is performed by using PSCAD/EMTDC, in which

comparative analysis between proposed control strategy and conventional strategy is performed.

3.1. Introduction

The rapid increase in installation of large-scale wind farm into the grid system would have
a serious impact on the system stability due to the variation of generated power from wind
generators [14]. This chapter investigates wind farm penetration effect on power system frequency
characteristics, especially frequency drop when unexpected generation loss due to a fault in the
grid system or load increase occurs. In general, governor droop characteristic and inertias of
conventional power plants have a main impact on system frequency performance in severe network
disturbance [55]. Frequency and voltage stabilities have become the main aspects that should be
considered from a viewpoint of the security of electric power system. During severe network
disturbance such as a short circuit fault, the terminal voltage of wind farm decreases significantly
and active power from wind farm cannot be supplied to the grid system. Under such condition,
large oscillation occurs in the power system frequency due to the loss of active power. Moreover,
existence of Squirrel Cage Induction Generator (SCIG) based fixed speed wind generators in the
wind farm can lead the power system to become weak due to their low fault ride through capability
under network disturbance [56-58]. The SCIG absorbs large reactive power when a short circuit
fault occurs in the grid system [29]. If reactive power is insufficient, the rotational speed of the
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induction generator will be increased significantly because the developed torque of the generator
decreases while the wind turbine continues to drive the SCIG.

Flexible AC Transmission System (FACTS) devices are often installed at wind farm for
stabilizing its dynamic characteristics [59-60]. However, the installation of FACTS devices at a
wind farm increases the system overall cost. Combined installation of PMSG (Permanent Magnet
Synchronous Generator) and SCIG in a wind farm can be a good solution, because the PMSG can
provide the required reactive power of SCIG during fault condition. Therefore, in this chapter
control system design for cooperated stabilizing control of PMSG based grid connected wind farm
is discussed.

The PMSG is attractive type of wind turbine concept because it is connected to the power
grid system through the full power rating back to back converter. The back to back converter totally
decouples the generator from the grid, and the converter permits very flexible control of active and
reactive powers in cases of normal and disturbed grid conditions [47],[61]. Back to back converter
consists of generator side converter and grid side converter linked by DC circuit with a capacitor.
Accordingly, installation of DC network in PMSG based wind farm is possible. In this chapter,
control strategy of DC network in PMSG based wind farm is discussed. The modified controller
system of the inverter is proposed in order for its active and reactive powers to be delivered to the
grid easily and effectively.

Load C 0.0085+70.011
P=2.0pu B/2 =j0.024
Q=0.35pu
250 MVA 2 7 3 150 MVA W
j0.0625 j0.0586 MY
0.0085+;0.072 0.0119+;0.1008
B/2 =j0.0745 B/2 =j0.1045 > s
18KV/230KV 230kV/13.8kV
P=1.75pu P=1.03pu
V=1.025 pu CB 2 CB V=1.025 pu
=8 50 Hz =
i = 2
2= 2 Do
& 1 100 MVA Base 2
2 g S &
sRXR F3
5 CB 4 6 CB
Load A Load B
P-Lspy €] 00140085 0.017+/0.092 > P=100pu
Q=0.50 pu B/2 = j0.088 B/2 =j0.079 Q=0.30pu
200MVA 1
j0.0576
: | 16.5kV/230kV
P=0.8pu
V=1.04 pu

Fig. 3.1. Multi-machine power system model with wind farm connected
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3.2. Power System Model

The model system used in this study is shown in Fig 3.1, in which the 9-bus main system

consists of three conventional power plants, three static loads (Load A, Load B, and Load C), and

a wind farm. The conventional power plants are composed of two thermal power plants (SG1 and
SG2) and a hydro power plant (SG3). SG1 is operated under Automatic Generation Control (AGC),

SG2 and SG3 are operated under Governor Free Control. The wind farm consists of two types of

wind generators, i.e., five variable speed PMSGs each rated at 10 MW and fixed speed SCIG rated

at 50 MW. Wind farm is connected to the main system through 66kV double circuit transmission

line. Parameters of the three synchronous generators are shown in Table 3.1.

Table 3.1. Parameters of synchronous generators
Synchronous Generator
Gen. SG1 (AGC) | SG2 (GF) SG3 (GF)
name
Power 200 MVA | 250 MVA 150 MVA
Ra 0.003 pu 0.005 pu
LI 0.1 pu 0.1 pu
Xd 2.11 pu 1.2 pu
Xd’ 0.35 pu 0.35 pu
Tdo’ 8.65s 8.17s
Xd” 0.21pu 0.3 pu
Tdo” 0.03s 0.03s
Xq 2.02 pu 0.7 pu
Xq” 0.21 pu 0.3 pu
Tgo” 0.03s 0.07s
H 40s 48s
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3.3. Governor and AVR model

Fig. 3.2 shows thermal governor systems used in SG1 and SG2, where Rp = 0.05, Tg=0.2s,
Fup = 0.3, Tru = 7.0s, and Tcw = 0.3s [55]. These are typical values for the turbine system. The
governor system for SG1 is equipped with integral controller as AGC system. The AGC controls

power reference according to deviation of generator rotational speed.

[
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i)y = i e 1 /- 1 + sFueTre
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(a) System for SG1 with AGC
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1 '.( ) > 1 1 + sFurTre
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Turbine

(b) System for SG2 without AGC

Fig. 3.2. Thermal governor model

The schematic diagram of hydro turbine and its governor system used in SG3 are shown in
Fig. 3.3. The hydraulic turbine model is equipped with governor system including transient droop
compensator, where R, = 0.05, Tg=0.2s, Tr = 5.0s, Rt = 0.38, and Ty =1s [55].
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Fig. 3.3. Hydro governor model
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Automatic Voltage Regulator (AVR) model in PSCAD/ EMTDC package [62] is used here.
Fig. 4 shows the exciter model considered for all synchronous generator. The field voltage (Es) is

controlled by the AVR system to maintain the terminal voltage (V+) at reference voltage (Vrer).

V,ef—"»%)—» Tl e ERTT T me H_/m?i — £
" Control Exciter
Fig. 3.4. AVR model
Table 3.2. Parameters of PMSG and SCIG
Wind Generator
SCIG PMSG (each)
Power | 50 MVA | Power 10 MVA
R1 0.066 pu | Rs 0.01 pu
R21 | 0.298 pu | LlIs 0.06 pu
R22 | 0.018 pu | Xd 09pu
X1 0.046 pu | Xq 0.7 pu
Xm 3.86 pu | Flux 1.4 pu
X21 |0122pu |H 40s
X22 0.105 pu
H 3.0s

3.4. Wind Farm Model
Configuration of proposed wind farm model is shown in Fig. 3.5. The wind farm consists of
five PMSGs with total capacity of 50 MW and one SCIG rated at 50 MW. PMSGs are connected
to Bus 12 through a converter, 3kV DC cable, a main inverter and a 1.8kv/33kv transformer. Each
PMSG is equipped with over-voltage protection system with variable load installed at output side
of the converter. The variable load is used to absorb energy from the PMSG during fault condition
to damp over-voltage on the DC line. The main inverter controls the DC line voltage and terminal
voltage of Bus 12 to be rated values (3.0 kV). SCIG is connected to Bus 12 through a 0.69kV/33kV
26
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transformer and single transmission line. A capacitor bank is installed at the terminal of SCIG to
compensate the reactive power consumption by the induction generator. Parameters of PMSG and

SCIG are shown in Table 3.2.

10 MW
CONVERTER
2, DC Cable

DC Link Protection
with Variable load

Bus 12
DC 3.0 kv INVERTER
L. | To Main
T i AC
System

33 kv/66 kv

T 069kv/33 kv

Fig. 3.5. Layout of wind farm

A configuration of PMSG based wind turbine and its control system is shown in Fig. 3.6.
The wind turbine directly drives the rotor of PMSG. The stator of PMSG is connected to a
converter. The converter transforms three phase voltage of PMSG into DC voltage. Three phase
stator current (Is) as well as active power (Ps) and reactive power (Qs) are detected on the stator of
the PMSG. The rotational speed (er) is detected from the rotor. The active power and reactive

power of PMSG are controlled by the converter.
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Controller
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Over voltage protection
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Fig. 3.6. Block diagram of PMSG
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Detailed scheme of converter controller is depicted in Fig. 3.7. Aim of the converter
controller is to control active and reactive power output of the PMSG. Three phase stator current
of PMSG is transformed into d-axis and g-axis components by using Park transformation. The
rotor angle position (6e) obtained from the rotor speed of PMSG is used in the transformation
between abc and dqg variables. The active power (Ps) and reactive power (Qs) of the PMSG are
controlled by the g-axis current (Isq) and the d-axis current (lsq), respectively. The active power
reference (Ps*) is obtained by the combination of MPPT and the proposed primary load frequency

control. The reactive power reference (Qs*) is set to zero for unity power factor operation.

Qs*
o o4+ 2 Ved®
0: p1 O P1
-
Tsa

I »| abc ttiq A
to 0 [
wr % ke dq

abc
Isq T
PI |—-O+—~| PI l—r fe

Fig. 3.7. Converter controller of PMSG
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Fig. 3.8. Over-voltage protection system of DC line circuit (proposed)
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Over-voltage protection controller is activated when DC voltage increases due to a short
circuit fault in the grid system. Fig. 3.8 depicts detailed scheme of the over-voltage protection
controller. Main part of the protection system consists of logic controller, switches, and resistive
loads. When DC circuit voltage increases more than 1.05 pu, the primary switch will be triggered
for absorbing the energy from PMSG. At the same time the secondary switches will be triggered
by the logic controller to connect the resistive load. The secondary switches are selected by using
program logic as presented in Table 3.3, where ‘1’ and ‘0’ indicate ‘on’ and ‘off’, respectively.
‘on” and ‘off’ of the secondary switches depend on generated power (P) from the PMSG. The
MPPT method can be used to calculate the power of PMSG.

Table 3.3. Logic control of over voltage protection system

Logic switch number
sl | s2 | s3 | s4 | s |6 |s7 |s8 |9 |s10
0<P<15 | 1 0 0 0 0 0 0 0 0 0
15<P<25| 1 1 0 0 0 0 0 0 0 0
25<P<35| 1 1 1 0 0 0 0 0 0 0
35<P<45| 1 1 1 1 0 0 0 0 0 0
45<P<55| 1 1 1 1 1 0 0 0 0 0
55<P<65| 1 1 1 1 1 1 0 0 0 0
65<P<L75| 1 1 1 1 1 1 1 0 0 0
75<P<85| 1 1 1 1 1 1 1 1 0 0
85<P<95| 1 1 1 1 1 1 1 1 1 0
95<P<10| 1 1 1 1 1 1 1 1 1 1
+
DC-Link Circuit (3kV)
1.05pu Ve
Comparator
1:Vde >1.05 =
0: Vde <1.05

Fig. 3.9. DC-link protection system (conventional)

The control scheme of the DC-link conventional protection system used in this paper is shown

in Fig. 3.9. The protection system consists of a switch and constant breaking resistance. The switch
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circuit activates the DC-link protection when DC-link circuit voltage increases more than 1.05 pu
due to a fault in the grid system, and then, the DC link circuit voltage is applied to the breaking

resistance (Rrc) to consume the excess energy generated from the PMSG.

INVERTER 12

Grid

Inverter Gg PLL

Controller

t

Vac

A A

Fig. 3.10. Block diagram of inverter

Block diagram of the inverter and its control system are shown in Fig.3.10. The inverter
converts DC voltage into three phase AC voltage. The inverter is connected to the grid through a
step up transformer (TR). Three phase grid current is detected at low voltage side of the
transformer and three phase grid voltage is detected at high voltage side of the transformer. In
order to synchronize frequency between the inverter output and the grid system, Phase Lock Loop
(PLL) is used. The inverter controls the grid voltage (Vg) and DC line voltage (Vqc) at rated values
by controlling the d-axis (lgg) and the g-axis (lgq) currents, respectively. Detailed scheme of the

inverter controller is shown in Fig.3.11.
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Fig. 3.11. Inverter control system
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3.5. Wind Turbine Model
Extracted power from wind energy can be calculated as follows [63]:

Ry = 05p7R2VSC (2, B) (3.1)

where Py, is the captured wind power (W), p is the air density (Kg/m3), R is the radius of rotor
blade (m), Vw is wind speed (m/sec), and C, is the power coefficient. The value of power coefficient
is depending on tip speed ratio (1) and blade pitch angle (5) of the wind turbine. Power coefficient

of wind turbine can be calculated as follows [63]:

: o
Cp(laﬂ)zcl(;_%ﬂ_%]e : +Cehd 3.2)
with
i: 1 B 0.035
A, A-0.08p B3 +1 (3:3)
And
o R
A==t
v (3.4)

w

where c1 to cs are characteristic coefficients of wind turbine (c1=0.5176, c,=116, ¢3=0.4, c4=5,
cs=21 and cs=0.0068) [64], and wr is rotational speed of turbine in rad/sec. Fig. 3.12 depicts the
characteristic between the turbine power output and the rotor speed for different wind speeds where
the blade pitch angle is set at 0 deg.

1d-

1.0 4

0.8 4

0.6

Turbine Power Output (pu)

Rotor Speed (pu)

Fig. 3.12. Wind turbine caracteristic
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Fig. 3.13. Cp - X characteristic for different pitch angle

The Cp-4 characteristics for different values of g are shown in Fig. 3.13. The optimum power
coefficient is 0.48 at 1 = 8.1.

3.6. Simulation Results

Simulation analysis has been performed on the power system model shown in Fig. 3.1 by
using PSCAD/ EMTDC package software. The symmetrical three line to ground fault at the
transmission lines in three locations (F1, F2, and F3) shown in Fig.3.1 are considered as network
disturbance. The fault occurs at 1.1 sec; the circuit breakers (CBs) on the faulted line are opened
at 1.2 sec, and at 2.0 sec the CBs are re-closed. The wind speeds for both types of wind generators
are kept constant at the rated wind speed, assuming that the wind speed does not change so much
in the short time interval. Two cases are investigated to compare the dynamic responses in transient
condition between the proposed control strategy and the conventional strategy. Fig. 3.14 shows
the wind farm model system used in the conventional control strategy and referred as Case 1, while
the proposed control strategy of wind farm shown in Fig. 3.5 is referred as Case 2. In Case 1, the
conventional protection system shown in Fig. 3.9 is added to the DC-link circuit. The pulse signal
to trigger the IGBT is activated when Vg exceeds 1.05pu, and thus the switch is turn on and the

energy is dissipated in the breaking resistance.
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Fig. 3.14. Wind farm model in Case 1

The terminal voltage responses of wind farm at Bus 12 for three fault locations are shown in
Fig. 3.15. It can be seen that the voltage can return back to the initial value in Case 2. However, in
Case 1 the voltage cannot return back to the initial value. Therefore, the wind farm is disconnected
from the system by opening CB12 at 2.5 sec. Rotational speed of SCIG is shown in Fig. 3.16. It
can also be seen that the rotational speed of SCIG increases significantly in Case 1 because active
power output of the SCIG cannot be recovered after the fault as depicted in Fig. 3.17. Responses
of real and reactive power outputs of PMSG based wind farm are shown in Fig. 3.18. Figs 3.19
and 3.20 show real power output and rotational speed of the conventional power plants (SGs),
respectively. It can be seen that the real power and rotational speed of the SGs can return back to
the initial condition in Case 2. However, the real power of the SGs in Case 1 increases significantly
after the wind farm is disconnected. It is clearly understandable that the system becomes unstable
in Case 1, which can also be seen from Fig. 3.21 where the system frequency collapses in Case 1
after the wind farm is disconnected.
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Fig. 3.20. Rotational speed of SGs
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Fig. 3.21. Frequency response of the power system

3.7. Chapter Summary

A new control system for cooperated stabilizing control of PMSG based grid connected wind
farm has been proposed. The simulation results show the proposed control system can enhance the
fault ride through capability of the wind farm and also the transient stability of the grid system
during a severe 3LG fault. Therefore it can be concluded that the proposed control strategy can

contribute to enhance the stability of wind farm and connected power system during a network
disturbance.
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Chapter 4

Enhancement of DC-Link Protection of PMSG based Wind Turbine
under Network Disturbance by using New Buck Controller System

In this chapter an improvement of DC-Link protection of PMSG based wind turbine under network
disturbance by using new back controller system is proposed. Protection system for DC-link circuit
of back-to-back converter of PMSG (Permanent Magnet Synchronous Generator) based wind
turbine is essential part for the system to ride through a network fault in grid system. Voltage on
the DC-link circuit can be increased significantly due to power unbalance between stator side
converter and grid side converter. Increase of DC-link circuit voltage can lead to a damage of
IGBT of the converter and control system failure. The buck converter is used to control supplied
voltage of a breaking resistor to dissipate energy from the wind generator during network
disturbance. In order to investigate effectiveness of the proposed DC-link protection system, fault
analysis is performed in the simulation study by using PSCAD/EMTDC software program. In
addition, comparative analysis between the proposed protection system and the conventional

protection system using DC chopper is also performed.

4.1. Introduction

In many countries utilization of wind power is being encouraged by way of government’s
policy to establish the real commercial generation projects [65, 66]. Large scale of wind farms are
planned in many countries not only for reducing the production of CO,, SO, and NOx but also for
economic competition [66].

Over recent years, PMSG (Permanent Magnet Synchronous Generator) based variable speed
wind turbine has become one of the most popular types of wind turbine generator. In this concept,
PMSG is directly driven by a wind turbine without gear and is connected to the AC power grid
through the power converter. Permanent magnet machines are characterized as having large air
gaps, which reduce flux linkage even in machines with multi-magnetic poles [67-68]. PMSG
system equipped with full rating power electronic converters has strong fault ride through
capability during a network disturbance.

Currently, most of PMSG system studies consider normal operation, for example, realization
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of maximum power point tracking. Studying on the PMSG system protection is not so much [28],
meanwhile, enhancement of FRT (fault ride-through) capability is required for operating of wind
farm. The wind farm should stay online during and after a network disturbance [69]. Therefore,
enhancement of protection system of the wind generator is very important to be studied. When a
fault occurs in the grid, a voltage dip appears at the terminal of wind generator and then the active
power delivered to the grid is also reduced. As the generator side converter is decoupled with the
grid, generator continues to generate the active power and thus the DC-link voltage increases due
to the energy unbalance between the generator side converter and the grid side converter.
Usually, a simple DC chopper with a braking resistance is inserted into the DC-link circuit
to dissipate the active power produced by PMSG in such a way that the active power balance in
the DC-link circuit is maintained [29, 30, 31]. However, it can have a problem if the active power
coming from the PMSG is not balanced against the capacity of braking resistor. This is because
the capacity of resistor in the protection system with a simple DC chopper is constant
(uncontrolled). In order to solve the problem new topology of DC-link protection of PMSG by

using buck converter is proposed in this paper.

4.2. PMSG Based Wind Turbine

A configuration of PMSG based wind turbine is shown in Fig. 4.1. The wind turbine directly
drives the rotor of PMSG without a gear box. The stator winding of PMSG is connected to the grid
system through fully rated power of back-to-back converter and a step up transformer (TR). The
back-to-back converter consists of SSC (stator side converter) and GSC (grid side converter)
linked by DC circuit. Typically, SSC controls active power (Ps) and reactive power (Qs) of the
generator by controlling its stator current (lIs). On the other hand, grid side converter maintains the
DC-link voltage (Vac) across DC capacitor (Cqc) to be constant and controls the reactive power
(Qqg) injected to grid system by controlling the converter grid current (lg) [70]. Both converters are
constructed from IGBTS circuit of which switching is controlled by PWM (pulse wide modulation)
technique. SSC is operated under variable frequency depending on the rotational speed of
generator (er) and GSC is operated under constant frequency depending on the grid system (50
Hz or 60 Hz). In order to synchronize frequency between the grid side converter output and the
grid system, PLL (phase lock loop) is used [62]. The PLL generates a phase output signal (6g). A

pitch controller is equipped with the wind turbine to control pitch angle of wind turbine blades ()
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when the rotational speed increases over the generator’s maximum speed. DC-link protection
circuit is installed parallel with the DC capacitor. The DC protection circuit limits the transient
over-voltage of the DC-link circuit due to network disturbance such as a short circuit. The DC-ink

protection circuit protects both IGBTSs of back-to-back converter and DC capacitor.

Turbine

Grid
DC-Link circuit
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Fig.4.1. Configuration of PMSG based wind turbine.

4.2.1 Aerodynamic Model

The mathematical model expressing mechanical power extraction from wind can be written

as follows [43]:
P, = O.SpﬂRZvaCp(/l,ﬁ) (4.1

where, Py, is the captured wind power (W), p is the air density (kg/mq), R is the radius of rotor blade
(m), Vw is wind speed (m/sec), and C; is the power coefficient.

The power coefficient is depending on tip speed ratio (1) and blade pitch angle (5) of the
wind turbine. The power coefficient of the turbine can be obtained as follows:

c =0

Cp(l,ﬁ)=01[;—c3ﬂ—C4Je v} (4.2)
with

1 1 003

A A-0.088 pB°+1 (4.3)
and

o.R
A= (4.4)
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The characteristic coefficients of wind turbine, c: to cs, are c1 = 0.5176, ¢z = 116, c3 = 0.4,
cs =5, cs = 21, and ¢ = 0.0068 [64], and wr is rotational speed of turbine in rad/sec. The Cy-1
characteristic for different values of the pitch angle g is shown in Fig. 4.2a. The maximum value
of Cp (Cp_opt = 0.48) is achieved for = 0° and A = 8.1. This value of 4 is defined as the optimal
value (dopt). Fig. 4.2b depicts the turbine output power as a function of the rotor speed with the
blade pitch angle = 0°.

In variable speed wind turbines, the rotational speed of wind turbine is controlled to follow

the MPPT (maximum power point trajectory) as follows:

3
o.R
Poopt = O.SanZ[ 2 ] CPopt (4.5)

opt

=0.34
0.29

0.1

Turbine Power (pu)
5

T v v
0.0 0.2 0.4 0.6 0.8 1.0 1.2 1.4
Rotor Speed (pu)

(b) Power characteristic

Fig.4.2. Characteristics of wind turbine
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4.2.2. Mechanical Model

The rotating mass of mechanical wind turbine system consists of wind turbine rotor,
generator, and a gear box. It is known that the single rotating mass or one-lump mass is sufficient
as shaft model for analyzing the impact of wind speed fluctuations [71, 72]. When the effect of a
severe network disturbance in the power system is analyzed, however, at least two mass shaft
model should be considered [55, 73]. Wind turbine rotor, generator, and a gear box can be
represented as two mass inertia model. State space equations of the two mass drive train model are

expressed as follows:

%wt %) " (”t _“’9] (4©)

o [1]( - oo -0g ) K(5,-5, ) (4.7)

.y [mg][( o) {a-5,)1,) @8)
where,

Ht, Hg: Moments of inertia of wind turbine rotor and generator;
Tm, Te: Wind turbine aerodynamic and electromagnetic torques;
wt, wg: Wind turbine rotor and generator speeds;

ot, dg: Angular positions of wind turbine rotor and generator rotor;
Dshatt: Damping coefficient;

Kshatt: Spring constants.

4.2.3. Pitch Control Model

Fig. 4.3 depicts a pitch controller system of wind turbine [71, 74]. The pitch controller of
variable speed wind turbine usually regulates rotational speed of the rotor not to be over its setting
value. The control loop of the pitch actuator is represented by a first-order transfer function with
time constant (Tpg) and the pitch rate limiter in this study. In this model, the blade pitch angle of
wind turbine is kept to zero degree when the rotational speed is less than the setting value (@set =
1.21 pu).
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Fig. 4.3. Pitch controller model.

4.2.4. Permanent Magnet Synchronous Generator (PMSG) Model

Differential equations of permanent magnet synchronous machine can be expressed in the
dq rotor reference frame, where all quantities in the rotor reference frame are referred to the stator
[64]. The equations are expressed as follows:

di

d _v _Ri +w. L i (4.9)

Lds dt ds s ds S gs gs

di

as _ p .
dt 7Vqs Rs'qs“‘)sl‘ds'ds “g?

Las (4. 10)

m
where, Lgs and Lgs are inductances of stator winding, Rs is the stator winding resistance, Vgs and
Vs are stator voltages, lgs and Igs are stator currents, ws is angular frequency of the stator, and ym
is the permanent magnet flux linkage.

4.2.5. Converter Controller System

Block diagram of SSC controller is depicted in Fig. 4.4. The aim of the SSC controller is to
control active and reactive power output of PMSG. The active power and reactive power of the
PMSG are controlled by the g-axis current (Isq) and the d-axis (Isd) current, respectively. The
active power reference (Ps*) is obtained by MPPT controller. The reactive power reference (Qs*)
is set to zero for unity power factor operation.

Fig. 4.5 shows a block diagram of the GSC controller. The controller is used to control the
reactive power output of GSC and DC-link voltage by controlling the d-axis (lgg) and the g-axis
(lgq) output currents of GSC. The reactive power reference (Qg*) is set to zero and the DC voltage

reference (Vqc+) is set to 3.0 kV (rated value).
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Fig. 4.5. Grid side converter controller system

4.3. DC-Link Protection System

During a network disturbance like a short circuit fault, output power of the PMSG at the grid
side converter decreases and then over-voltage can appear in DC-link circuit of the back-to-back
power converter of PMSG. During a fault condition, the DC-link voltage can suddenly increase
due to the energy imbalance between the stator side converter and the grid side converter. The
voltage increase can be controlled by inserting a braking resistor in the DC-link circuit to dissipate
the excess energy through a power electronic switch as shown in Fig. 4.6. However, dissipated
energy in the braking resistor cannot be controlled, and hence, energy imbalance between SSC and
GSC can still appear. This can appear due to the imbalance between the output power from the
generator and the power capacity of the resistor.
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The detailed control scheme of the DC-link protection system proposed in this paper is
shown in Fig. 4.7. The protection system consists of main switch circuit and buck converter circuit.
Main switch circuit is used to activate the DC-link protection when DC-link circuit voltage
increases more than 1.05 pu due to a fault in the grid system. The buck converter is used to control
DC voltage (Vrc) across the breaking resistance (Rrc) depending on power generated from the
PMSG (P). The power output of PMSG is determined from its rotational speed through maximum
power point tracking controller. By using the information, generated power from PMSG and
consumed power in the breaking resistance can be balanced, and then, dynamic stability of the
PMSG can be enhanced.

Fig. 4.8 illustrates the basic principle of the buck-chopper composed of IGBT as a switch
breaker [75]. During the period Ton the chopper is operated, and the source voltage will be
connected to the load (Rr) terminals. Furthermore, during the period Toff, the chopper is off, the
current io in Rec will flow into the commutation diode (Dr), the load terminals are connected briefly
through Dr, and Vic becomes zero. Thus, the average value of the DC voltage at the load can be
determined by the following equation.

e =V «a (4.11)

0 dc

wepo| ton | [Ton|_¢ ¢ (4.12)
Ton+Toff T T

where,
eo: DC voltage on the load;
Vdc: Voltage source;
a, D: Duty cycle;
Ton: Period of switch-on;
Tort: Period of switch-off;
f: Frequency;
T: Period.

If a fault occurs in the grid system, the grid side converter has a voltage dip on the grid side
voltage. Therefore power sent from the converter to the grid is influenced. After the disturbance is
cleared, the converter voltage returns to the normal, and then the active power will be supplied to
the grid again. Power transferred from the GSC to the grid is given by Eq. (4.13) [76].
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Fig. 4.7. Proposed DC-link protection system.
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Fig. 4.8. Basic chopper step-down circuit

*

P, = Ve TV, sin (5, - S,) (4.13)

cg
ph

where,
Pcg: Power transferred from the converter to the grid,;
Ve, &: Converter terminal voltage (magnitude and phase of the fundamental component);
Vg, &y: Grid terminal voltage (magnitude and phase of the voltage grid);
Xph: Reactance between V¢ and Vg.
When Vg decreases to 0, the active power cannot be transferred to the grid, and then over-
voltage as given in Eq. (4.14) appears in the DC-link circuit.

V,, = cif (Pur — P, ) dt (4.14)

DC over-voltage can be controlled within a safe level if the excess power is discarded in

several ways, for example, chopper controlled resistor. Resistor of the chopper can be determined

as follows:
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4.4,

Vrated
rc Pi (415)
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rated
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Simulation Analysis

4.4.1. Power System Model

The power system model considered in this analysis is shown in Fig. 4.9. A wind farm with

power capacity of 25 MW composed of five PMSGs each rated at 5 MW is connected to a large
power system through a 33 kV/66 kV, 25 MVA main transformer and 66 kV double circuit

transmission line. The grid frequency is 50 Hz and system base is 25 MVA.

The parameters of PMSG based wind turbine are presented in Table 4.1. Temporary three-

line to ground fault (3 LG) for 5 cycles (0.1 sec) is considered as network disturbance. The fault

occurs at 1.0 sec. In this study, the different wind speed data are applied to each wind turbine as

shown in Fig. 4.9.

33 KV cable data:

12 ms
. R = 0.06 ohm/km
R It L = 0.3 mH/km
SMW LV C = 0.25 uF/km

PMSG

0.005 pu 0.1pu
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2I5MVA
TO0 in
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1.8KV/33kV AIkV/66kY

TO0 N

g
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LBKV/33KV

50 Hz, 25 MVA Base
SMW

Fig. 4.9. Power system model
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Table 4.1. Parameters of PMSG based wind turbine.

Generator Value Drive train Value
parameter parameter

Power 5 MW Hg 0.45s
Voltage 1,800V  Ht 3.0s
Frequency 20 Hz D 1.5
Rs 0.017pu K 296
Las 0.96 pu

Lgs 0.76 pu

Ym 14

4.4.2. Simulation Results

The proposed controller has been investigated through simulation analyses performed by
using PSCAD/EMTDC. Two cases are considered as scenarios to confirm the effectiveness of the
proposed control system. In Case 1, the proposed controller system shown in Fig. 4.7 is used for
DC-link protection system. In Case 2, the DC link protection is performed by using conventional
system shown in Fig. 4.6. In both scenarios wind speeds for each wind generator are kept constant
to the values shown in Fig. 4.9 and value of Ry is set at 1.0 pu.

Comeparative simulation analysis of PMSG’s dynamic responses has been performed
between the proposed method (Case 1) and conventional method (Case 2), and the results are
shown in the figures. Figs. 4.10-4.12 show the responses of DC-link circuit voltage during (3 LG)
three lines to ground fault. In the simulation analysis, wind speeds of PMSG1, PMSG3, and
PMSGS5 are 12 m/sec, 11 m/sec, and 10 m/sec, respectively. It is seen from the figures that excess
DC-link voltage can be well controlled in the proposed method. Figs. 4.13-4.15 show the rotor
speed responses of PMSGs for Case 1 and Case 2, from which it is seen that transient oscillation
of the rotor speed can be well controlled in the proposed method. Figs. 4.16-4.19 show responses
of active and reactive power outputs of all the PMSGs, respectively. From the figures, it is seen
that power drop and power swing during the fault can be reduced more significantly in the

proposed method than the conventional method.
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4.5. Chapter Summary

A new DC-link protection scheme using buck converter has been proposed for permanent
magnet wind generator and its performance under network disturbance condition has been
investigated through simulation analyses using PSCAD/EMTDC. Comparative simulation
analysis has been performed for severe three-line to ground (3 LG) fault between the proposed
DC-link protection system and the conventional protection system. From the simulation results, it
is shown that the proposed method can control well the DC-link voltage as well as other dynamic
responses of PMSG such as rotor speed and active power output. Therefore it can be concluded
that the dynamic performance of PMSG can be enhanced by the proposed DC-link protection

system.
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Chapter 5

Wind Turbines Cluster System Composed of Fixed Speed Wind
Generators Controlled by Cluster Converter based VSC-HVDC
System

This chapter presents wind turbines cluster system composed of Squirrel Cage Induction
Generators (SCIGs) controlled by cluster converter based VSC-HVDC System. The wind turbine
cluster systems (multiple clusters) are installed in an offshore wind farm and connected to onshore
system through a Voltage Source Converter based High Voltage Direct Current (VSC-HVDC)
transmission line. A control scheme of cluster converter and VSC-HVDC converter systems are
developed so that power production by SCIGs can be delivered to the onshore system effectively.
In this study dynamic behavior of the wind turbines has been investigated by simulation study
performed by using PSCAD/EMTDC for fluctuating wind speed and short circuit fault. Simulation
results show that the proposed cluster system composed of SCIGs has high performance under

transient and steady state conditions.

5.1. Introduction

Offshore wind farms have been introduced in many countries to harness the energy of strong,
consistent winds over the oceans. Offshore wind farms have some advantages over onshore wind
farms. They provide renewable energy, do not consume water, provide a domestic energy source,
and do not emit any environmental pollutants. Compared to onshore winds the offshore winds
blow stronger and more uniformly. Accordingly, offshore winds can generate much smoother
electricity. Moreover, offshore wind power plants have more steady operation than onshore plants
[77].

2015 was a notable year for offshore wind generator installation because of the total offshore
wind installed capacity of over 12 GW. 11,034 MW, about 91% of them, has been installed in
Europe. The remaining 9% of installed capacity is located in Asia, where China is leader in
offshore wind capacity installed, followed by Japan and South Korea [78].

Offshore wind farm can be connected to onshore power system using HVAC transmission

technology if the wind power plant is near the onshore. But HVDC technology may be more
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attractive for the transmission of bulk power over long distances. HVDC becomes a more
economical solution than HVAC in the case of transmission over a certain distance called "break-
even". The break-even distance is between 500-800 km for overhead lines and around 50 km for
submarine cables [79]. There are two kinds of technologies used in HVDC transmission system;
thyristor based LCC (Line Commuted Converter) and transistor based VSC (MVoltage Source
Converter) [35, 36, 80]. VSC-HVDC provides some advantages compared with the LCC-HVDC
such as black start capability, independent control of active and reactive powers, multi-terminal
configuration, and high dynamic performance [27]. It can be also said that application of VSC-
HVDC technology to offshore wind farm can enhance performance and stability of the wind farm.

Doubly Fed Induction Generator (DFIG) or Permanent Magnet Synchronous Generator
(PMSG) based variable speed wind turbine is actually used in offshore wind farm with HVDC
transmission system. These wind generator concepts require power converter for each individual
wind generator. From the economical point of view, it will be desirable if the individual power
converter of each wind generator can be eliminated and the wind farm can be controlled by using
cluster VSC converter. Commonly a group of generators in an offshore wind farm is electrically
connected to an offshore substation, and then connected to the onshore system [81]. Therefore the
cluster VSC converter can be located on the substation platform.

The main purpose of grouping of wind turbine generators into clusters system is to reduce
the number of power electronic converters that can potentially fail. Therefore the overall number
of converter failures in a wind farm can be reduced. In addition, higher technical availability of
the wind turbines for power production can be achieved. Moreover, the provision of redundant
converters can be avoided (no more power converter installed on the individual wind turbine).

In this chapter, Fixed Speed Wind Turbine-Squirrel Cage Induction Generator (SCIG) based
wind farm which is connected to onshore power system through the VSC-HVDC transmission
system is considered. In comparison with DFIG and PMSG, SCIG has some superior cha-
racteristics such as a simple design with high reliability, brushless and rugged construction, low
investment and maintenance cost, and operational simplicity [82]. In addition, the SCIG needs no
individual power converter in its operation. Although SCIGs have almost no Low Voltage Ride
through (LVRT) capability, the LVRT capability of the SCIG based wind farm can be enhanced if
the wind farm is connected to onshore main grid through VSC-HVDC line and controlled by the

proposed cluster VSC converter system.
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The control methods of wind turbine cluster based SCIG has been reported in some papers
[35], [83]. The papers focus on controlling the cluster SCIGs in variable frequency operation. The
operating frequency of the cluster’s wind farm is estimated by using “Magnetic Angle Estimator”
or “Angle and Flux Estimator”. In Ref. [35] the torque of the cluster wind farm generator is
controlled based on the average mechanical speed calculated from mechanical speeds of the SCIGs.
In Ref. [83].the average mechanical speed is used to control the output power of SCIG by using
maximum power point tracking (MPPT) method. From the control mechanism in the papers it can
be said that the supplied voltage and frequency to the SCIGs are not constants (variable) during
their operation. However, from practical point of view SCIG based fixed speed wind turbine as
well as squirrel cage induction generator is designed and manufactured to be operated under
specific rated voltage and frequency. Variations in operating point of supplied voltage and
frequency of the machines can affect the machine’s performances negatively and can reduce the
machine’s life time. In addition, the performance of terminal voltage on the cluster wind farm side
was not reported in the papers. It should be noted that the SCIG absorbs inconstant amount of
reactive power for its excitation. The amount of the reactive power consumption depends on active
power production captured from varying wind speed which can lead to the voltage fluctuation.
Furthermore, the reactive power compensator is not considered in the papers. Reactive power
compensator is very important for SCIG based wind turbine during its operation. If the reactive
power is not compensated, the SCIGs needs to absorb the reactive power from the cluster converter.
Consequently, capacity of the cluster converter becomes larger than the total capacity of SCIGs,
because, when the SCIGs are generating maximum active power, the cluster converter needs to
inject the maximum active power to HVDC network while at the same time the cluster converter
also needs to supply the reactive power to the SCIGs. Moreover, installation of the communication
bus sensors between wind generators and the cluster converter can make the control mechanism
of the cluster converter more complex.

According to the disadvantages stated above, it is proposed in this chapter that SCIGs of the
cluster wind farm are operated under constant voltage and frequency based on the rated values for
optimizing the SCIGs performance. Complex controller is not needed in the electrical part of the
SCIG. Proposed cluster converter controller is designed based on the simple way, but robust under
disturbance and effective to control voltage, frequency, active and reactive powers of the cluster

wind farm.
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Fig. 5.1. SCIG based offshore wind farm with cluster converter system

5.2. Offshore Wind Farm Model

Fig. 5.1 shows the proposed offshore wind farm model system used in the simulation
analyses. Total capacity of the wind farm is 100 MW. The wind farm consists of four clusters of
FSWT-SCIG. This configuration provides an advantage that a smaller number of converters,
which could potentially fail, are required.

In simulation analysis, the wind generators in the same cluster are aggregated in 25 MW of
single machine representation for simplicity. The wind generators are operated at frequency of 50
Hz. The capacity of 25 MW of the cluster wind farm is adopted referring to the floating substation
capacity (25MVA) which was developed in the Fukushima floating offshore wind farm project in
Japan. The aggregated representation of wind generators is very common in simulation analyses
[84]-[85]. The aggregated 25 MW SCIG is connected to AC/DC cluster converter through
collector system (Req=0.06 ohm, Leq=0.0032 H, Beg/2=0.125 uF) and 33kV/66kV step up
transformer. The cluster converter is connected through 1.0 km cable to 150 kV HVDC power
cable. The cluster converter system is part of multiple terminal VSC-HVDC system. It is assumed
that the DC terminal bus of cluster converter 2 (Bus 2) is nearest to onshore main converter, and
then the offshore cluster converter system is connected from terminal 2 to the main converter
through 80 km/150 kV HVDC transmission cable. Through the main converter the power from the

wind farm is transmitted to the onshore main grid system via a 66kV/187kV step up transformer,
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and a double circuit transmission line. The submarine cable data is shown in Table 5.1.

On the DC network the over-voltage protection system is installed at the main onshore
converter (Bus 5). Over-voltage could occur on the DC network when the difference between the
power from offshore wind farm and the power transmitted to the onshore system becomes large.
The HVDC over-voltage protection system is very effective on the system stability when severe
network disturbance such as short circuit fault occurs in the onshore main grid system. The over-
voltage control system can maintain the HVDC circuit voltage during network disturbance.
Detailed configuration of the proposed control system of cluster converter, onshore converter, and

the protection system will be explained later.

Table 5.1. Submarine cable data

Rated Voltage Resistance Inductance Capacitance
(kV) (Q/km) (mH/km) (UF/km)
150 0.047 0.6 0.15

5.3. FSWT-SCIG Model

5.3.1. Basic Configuration

A fixed speed wind turbine with SCIG is the simplest electrical topology in wind turbine
concepts. The schematic configuration of the fixed speed wind turbine is depicted in Fig. 5.2. It
consists of SCIG directly connected to the grid, a soft-starter, and a capacitor bank. The wind
turbine transfers the kinetic energy of wind flow into mechanical energy. The SCIG transforms
the mechanical power into electrical power and delivers the power directly to the grid system.
Generally, the rotational speed of the generator is relatively high compared with that of wind
turbine. In order to operate the induction machine as a generator, the rotor speed should be rotate
over its synchronous speed. Therefore, the generator speed needs to be stepped down by using a
multiple-stage gearbox with an appropriate gear ratio.

The SCIG absorbs significant amount of reactive power from the grid. The reactive power
consumption increases as active power output increases. In order to compensate reactive power
consumption a capacitor bank needs to be installed close to the generator terminal. The capacity

of capacitor bank is chosen so that the power factor of the wind power station becomes unity during
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Fig. 5.2. Configuration of fixed speed wind turbine with SCIG

the rated condition. When the SCIG produces maximum (rated) active power, the SCIG also
consumes maximum reactive power. According to this condition the value of the capacitor bank
is chosen, and hence necessary reactive power for excitation can be totally compensated by the
capacitor bank. The reactive power as well as the active power will be fluctuating due to variation
of wind speed. However, excessive reactive power on the cluster network is absorbed by the cluster
converter in order to maintain the terminal voltage at the rated value.

Actually the rated voltage of SCIG is low, and hence a step up transformer is required in
order to connect the generator to the collector network system of the wind farm of medium voltage.

Since mechanical power is converted directly to electrical power by the generator, complex
controller is not needed in the electrical part of a fixed speed wind turbine. However, a pitch
controller is needed to regulate the pitch angle of the turbine blades () to keep output power of
SCIG under the rated value.

5.3.2.  Wind Turbine Model
Wind turbine model is based on steady state aerodynamic power characteristic. The power
from wind energy can be calculated as follows [63].

P, =05p7R*VSC (4, p) (5.1)
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where Py is the captured wind power (W), p is the air density (Kg/m?), R is the radius of rotor
blade (m), Vw is wind speed (m/sec), and Cp, is the power coefficient. The value of Cp, is depending

on tip speed ratio (1) and blade pitch angle (5) of the wind turbine. C, of the turbine can be obtained
by eq. (2):

c s

C,(4.B)= Cl(;f_ C;p _C4Je SR (5.2)
with

1 1 0035

A, A-0088 p°+1 (5.3)
and

o.R
A=5 (5.4)

w

where c1 to c6 are characteristic coefficients of wind turbine (c1=0.5176, c2=116, c3=0.4, c4=5,
c5=21 and ¢6=0.0068) [64], and cwr is rotational speed of turbine in rad/sec. The Cp-1 characteristic
for different values of B (the pitch angle) is shown in Fig. 5.3. The maximum value of Cp (Cp_opt =
0.48) is achieved for f = 0.8 and A = 8.2. This value of 1 is defined as the optimal value (Aopt).

Fig. 5.3. Cp - A characteristic for different pitch angle

5.3.3. Pitch Controller Model

Fig. 5.4 shows the model of blade pitch controller system for fixed speed wind turbine based
SCIG [86]. In fixed speed wind turbine, the pitch control system is used to control power output
of induction generator not to exceed the rated power. The pitch actuator is represented by a first-
order transfer function with time constant of 5.0s and the pitch rate and angle limiters. A PI
controller is used to control the pitch angle effectively.
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Fig. 5.4. Pitch controller for fixed speed wind turbine

5.3.4. Drive Train Model

The drive train of a wind turbine generator system consists of the following elements: a
blade-pitching mechanism with a spinner, a hub with blades, a rotor shaft and a gearbox with
breaker, and generator [87]. Depending on the complexity of the study, the complexity of the drive
train modeling differs. For example, when the problems such as torsional fatigue are studied,
dynamics of all parts have to be considered. For these reasons, two-lumped mass or more
sophisticated models are required. However, when the study focuses on the interaction between
wind farms and grid system, the drive train can be treated as one-lumped mass model with
acceptable precision for the sake of time efficiency [86], [87]. In the present study, it is modelled

by the following equation:

do, Te-Tp B
r _le-m _Sm, (5.5)

dt Jeg Jeq
where wr is the mechanical angular speed (rad/s) of the generator, Bm is the damping coefficient
(Nm/s), Te is the electromechanical torque (Nm), Tm is the mechanical torque of the wind turbine,
and Jeq is the equivalent rotational inertia of the generator (kg.m?). The one mass model of wind

turbine is shown in Fig. 5.5.

Fig. 5.5. One mass model of wind turbine
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5.3.5. SCIG Modeling

The SCIG model used in this study is adopted from PSCAD/EMTDC library SCIG model
[62]. The equation used to express this model consists of the double cage equivalent circuit of an
induction generator shown in Fig. 5.6 and all parameters of the generator are shown in Table 5.2.
Circuit equations for the double cage induction generator can be obtained as equations (5.6) to
(5.7) [49].

R1 iXi iX20
JAY
Vi It I2 I3

R21/s R22/s

Fig. 5.6. Induction machine equivalent circuit
R R

. 21 . . . 21 .
0= jx I - (T + JXop + JX20 + jxpp) I+ (T + jX21)|3 (5.6)

R R
21 . 21 22 | . :
0= + Xoq)l . — + + JX91 + Xoo)l 5.7
(s 121)2(5 s X21 122)3 ( )

Table 5.2. Generator Parameters

Rating 25 MW
R1 0.01 (puw)
X1 0.1 (pu)
Xm 3.5 (pu)

SCIG (Rr21 0.035 (pu)
R22 0.014 (pu)
X21 0.030 (pu)
X22 0.089 (pu)
H 1.5s
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5.4. Multi- Terminal VSC-HVDC for Cluster SCIG based Wind Farm

5.4.1. Basic Configuration

VSC-HVDC has become the preferred solution for grid connected large offshore wind farms
compared to HVAC or LCC-HVDC because of several technology advantages provided by VSCs.
Therefore, guidelines and recommendation for control strategies of multi terminal VSC-HVDC
connection of offshore wind farms are highly needed for the HVDC and wind turbine generator
industries.

In a VSC-HVDC with multi terminals, the system has more than two converters connected
to provide additional reliability through the ability to compensate for the loss of any single
converter of the system. Typically, one of the converters regulates the DC voltage and the other
converters control the power flow. Model system of the multi-terminal VSC-HVDC for cluster
SCIG based wind farm used in this study is presented in Fig. 5.1. Commonly, practical VSC-
HVDC applications have been based on two or three-level technology which enables switching
two or three levels to the AC terminal of the converter. For such converter topologies a large
number of semiconductor devices with blocking capability of a few kilovolts are connected in
series up to several hundred per converter arm depending on the DC voltage [89-90]. However, in
this simulation analysis the converter system topology for VSC-HVDC is represented by three
levels IGBT switch converter model controlled by PWM technique for simplicity.

The circuit configuration of three-level PWM is shown in Fig. 5.7. This application reviews
those three levels converter topology often referred to as Neutral Point Clamped (NPC) converter.
The converter uses twelve switches and six additional diodes. Each leg has four IGBTs connected
in series. The applied voltage on the IGBT is one-half of that in the conventional two level
converters. The bus voltage is split in two by the connection of equal series connected bus
capacitors. Each leg is completed by the addition of two clamp diodes. To generate the switching
pulses for the converters, two carrier waveforms are simultaneously compared with a sinusoidal
waveform at the fundamental frequency. The switching states for the four switches of each phase
and the input phase voltages for the AC/DC converters are described in Table 5.3. The detailed

model and control strategies are explained in the following.

65



Operation and Control of VSC based Grid Connected Wind Farm

gt

— Cdc +Vdc/2

AC

DC
Voltage B

Voltage

Swso] o]

5}
sk}

Fig. 5.7. Circuit configuration of three level converters

°
°

= C, -Vdci2

s 45% 4%
IR CIECT:
i

3 &

Table 5.3. Switching state of three level converter

Input Switching states

Voltage Swi | Swa | Saw | Swa

+Vc/2 1 1 0 0

0 0 1 1 0

-Vic/2 0 0 1 1

5.4.2. Cluster Converter for SCIG based Wind Farm

Scheme of the cluster converter system is described in Fig. 5.8. The output power generated
by the cluster circuit of SCIG is collected in the AC terminal bus, and then the power is transferred
to HVDC circuit through the 33kV/66kV transformer and AC/DC cluster converter. Three phase
voltage (Vcl) and current (Icl) are collected respectively from low voltage side and high voltage
side of the transformer. The cluster controller is used to control the voltage reference (Vcl*) for the

converter system.
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Fig. 5.9. Cluster converter controller

The main work of the cluster converter is to transfer the active power from cluster circuit to
HVDC circuit. The cluster converter should provide constant voltage at the AC terminal bus. The
AC terminal will function as an angular reference for the cluster system, which is set to 0°. Each
SCIG is equipped with capacitor bank and will inject large reactive power to the cluster circuit
when the SCIG operates less than the rated power (low active power generation). To maintain the

cluster circuit voltage the voltage magnitude of AC terminal bus is also set to be 1 pu. By using
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this method the reactive power on the cluster circuit system is controlled by the cluster converter
automatically.

Detailed scheme of cluster converter controller is depicted in Fig. 5.9. Aim of the cluster
controller is to control the converter voltage to be its reference (Vcl*). Three phase voltage from
AC terminal bus (V) is extracted into positive sequence voltage in polar form (magnitude and
phase) by using the “Vabc to V1” block. The voltage angle reference for cluster system (6 is
obtained from virtual PLL in which the operating frequency of cluster wind farm is set at 50 Hz.
The transformation block computes the direct (d) axis and quadratic (q) axis quantities in a two-
axis rotating reference frame for a three-phase sinusoidal signal@?. The following park
transformation is used:

Vg = g(va COS() +V}, COS(E — 27 /3) +V Cos@t + 2213)) (5.8)

Vg = z(va sin(@) +V, sin(@t - 27 /3) +V, sin(@t + 2713)) (5.9)

where, 6t is rotation speed (rad/s) of the rotating frame. Vq and Vq are the d-axis and the g axis
components of the voltage, respectively. In this control system Vg and Vg is used to represent the
rectangular coordinates of the positive-sequence component in which the magnitude and angle of

V1 are calculated as follows:

M| = v+ v (5.10)
2Vy = tan 2(Vy +Vq) (5.11)

Three phase current taken from the converter (lci) can be transformed into d-axis and g-axis
current components by using eg. (5.8) and eq. (5.9), respectively. The active power from the cluster
wind farm can be controlled through the angle of the cluster terminal voltage, and hence the d-axis
current (lcig) is used to control the voltage phase constant at 0°. On the other hand, the reactive
power on the cluster wind farm network can be controlled by its magnitude, and hence the g-axis

current (lcdq) is used to control the voltage magnitude at 1.0 pu.
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Taking into account those stated above, interaction between SCIG’s terminal voltage and
cluster converter’s terminal voltage is investigated by using a single-phase equivalent circuit
shown in Fig. 5.10. The transmission line is represented by reactance (X). The active power and
reactive power at the sending end can be expressed by Egs. (5.12) and (5.13) respectively. From
eq. (5.12), it is seen that small change in dws or ¢ will have significant impact on the active power
plow. Therefore, the active power flow on the transmission line is controlled by angle difference
between both terminal bus voltages (0=dwf - dc1). The active power flows from the wind farm bus
to the cluster converter bus if Vs leads V¢ and o is positive. On the other hand, it is seen from eq.
(5.13) that 3 the reactive power flow on the transmission line can be controlled by magnitude
difference of the bus voltages. Based on this concept, the magnitude and angle of terminal bus of
cluster converter are controlled to be constant value of 1.0 pu and 0 deg respectively as if it were
an infinite bus.

5.4.3. Onshore Converter Model

Fig. 5.11 shows a block diagram of the onshore converter. The converter system transfers
the DC voltage of HVDC circuit to AC voltage on the onshore grid system. The converter is
composed of two level IGBT switch devices controlled by PWM technique. The aim of the onshore
converter is to maintain the HVDC circuit voltage at rated value and to control reactive power

output to zero for unity power factor operation.
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Fig. 5.11. Onshore converter system
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Detail of the onshore converter controller scheme is shown in Fig. 5.12. Three phase output
current of the converter is transformed into components on the d-q rotating reference frame. When
grid voltages on the stationary reference frame are transformed into the d-q rotating reference
frame, Vgqa becomes constant and Vgq becomes zero. Therefore, the active and reactive power
delivered to the grid can be controlled by the d-axis current (lgg) and the g-axis current (lgq),
respectively. The voltage of DC-link capacitor (Vqc) is maintained constant in order to transmit the
active power from HVDC circuit to the onshore system effectively. For unity power factor
operation, the g-axis current reference signal is set to zero so that the reactive power delivered to
the grid becomes zero. The phase angle (6g) of the grid system is obtained from the terminal

voltage (Vg) by using the PLL technique.
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Fig. 5.12. Onshore converter controller system
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5.4.4. Over-Voltage Protection Circuit of HVYDC System

When a severe network disturbance such as short circuit fault occurs in the onshore grid
system, the onshore converter cannot transmit the active power from the HVDC circuit to the
onshore circuit, resulting in over-voltage in the HVDC circuit. The over-voltage occurs due to
unbalance between the power generated from the wind farm and the power transferred to the
onshore system. This may hamper normal operation of the converter. Therefore, the DC voltage of
the HVDC circuit should be maintained within the permissible range.

The over-voltage protection circuit of HVDC is located at the DC side of the onshore
converter as shown in Fig.5.13. The braking chopper is embedded in the HVDC circuit in order to
protect the DC capacitor (Cqc) during fault situation. The chopper is activated when the DC voltage
increases over the predefined limit and the excess active power is dissipated in the resistance (Rc)
during a fault in the onshore grid system.

Over Voltage

Protection Circuit Lo onehoreConverter . ,
TG 43
Bl s
g!Oiref it T | f P 5
ST =
3 =R an
' ERC EE _::C,,ci E
CUPT i A A3 g

Fig. 5.13. Over voltage protection system

5.5. Simulation Results

The performance, robustness, and effectiveness of the control system for a wind farm are
commonly evaluated in the transient and the steady state conditions. Currently, the grid code
prosecutes that the wind generators should be remained stay online during a network disturbance,
because out of synchronism of a large number of wind generators has serious impact on power
system stability. It can be said that control system of wind farm should be robust to the disturbances

and also be effective in controllability.
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Simulation analyses have been performed for the power system model shown in Fig. 5.1 by
using PSCAD/EMTDC. Transient and steady state conditions are considered in the analyses for
investigating the dynamic characteristics of the proposed system. Aim of the investigation is to
demonstrate the performance of the SCIG based wind farm controlled by the proposed cluster
converter based VSC-HVDC system.

5.5.1. Transient stability analysis

In order to show the effectiveness of the proposed system on the transient stability, two
locations of disturbance are taken into account in the simulation analysis. In this transient stability
analysis, the wind speeds for the wind generators are kept constant (Vw1 = 12 m/s, Vw2 = 11.5 m/s,
Vws = 11 m/s, Vws = 10.5 m/s) assuming that the wind speed does not change dramatically within
this small time duration.

In the first case, the disturbance occurs at point F1 on the transmission line in the onshore
area. The symmetrical three lines to ground fault is considered as the fault. The fault occurs at 0.1
sec; the circuit breakers (CB) on the faulted line are opened at 0.2 sec, and at 1.0 sec the CBs are
re-closed. The voltage performance of each cluster is shown in Fig. 5.14. Active and reactive
power outputs of the wind farm from each cluster are shown in Figs. 5.15 and 5.16, respectively.
It can be seen that the voltages and powers of the wind farm are not significantly fluctuated. The
voltage and power fluctuations are very small. During the fault condition the power from the wind
farm is sent to the HVDC circuit continuously, meanwhile the power sent to the onshore system
decreases significantly due to the fault. As a result, the voltage on the HVDC circuit increases
significantly. When the DC voltage reaches 155 kV the over-voltage protection circuit of the
HVDC system is activated by triggering the chopper IGBT gates. Then the active power from the
wind farm is absorbed by the breaking resistor (Rc). Therefore the DC voltage of HVDC circuit
can be maintained constant. The voltage response on the HVDC circuit is shown in Fig. 5.17.
Active and reactive powers sent to the onshore system are shown in Fig. 5.18. From Fig. 5.18 it is
seen that the active power delivered from the onshore converter decreases significantly due to
voltage drop caused by the tree lines to ground fault. However, after fault clearance the onshore
converter can control the active power return back to initial condition within 0.5 second. In

addition, though active and reactive powers of the onshore converter change significantly due to
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the fault, the DC voltage on the HVDC line can be controlled within a small range about the initial
value.

In the first case, the simulation analysis shows the performance of the onshore converter and
the dc voltage protector, because the disturbance in this case has impact only on the onshore
converter and dc protector. However, because the cluster converters are also connected to the
system in this case, the simulation analysis is required to confirm whether the disturbance has
significant impact on the wind farm or not. From the simulation results it can be seen that the grid
side disturbance has no significant influence on the wind generator performance. Therefor the
expected result can be obtained in this case that the disturbance on the onshore system does not

have so significant influence on the offshore wind farm.
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Fig. 5.14. Voltage response on each cluster circuit (F1)
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As a second case, disturbance at point F2 in the wind farm cluster 1 circuit is considered.
From practical point of view a fault on offshore system is rare but possible. In this study a fault on
the offshore circuit is also taken into account for investigating the advantage of the proposed
control method of cluster converter system. In addition, the comparative analysis between the
proposed cluster converter based offshore wind farm and the conventional wind farm without
cluster converter shown in Fig. 5.19 is performed. In this scenario temporary short circuit between
A-phase and B-phase for 3 cycles (0.06 s) is considered as the disturbance.

The simulation analysis in the second case is required to answer the question why the
converter should be clustered. From practical point of view an offshore wind farm with a huge
number of wind generators should be installed in several groups or clusters for easy operation and
maintenance. The wind generator in a group or a cluster is connected to a substation and then
connected to the main station. The main idea in this study for clustering wind farm is to locate the
offshore converters in the sub stations; hence a large capacity of single converter in main station
can be distributed into several cluster converters of small capacity and also the main platform

station of offshore wind farm can be neglected.
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Fig. 5.19. SCIG based offshore wind farm without cluster converter

The simulation results for the disturbance at F2 are shown in Fig. 5.20 to Fig. 5.24. VVoltage
response of each cluster circuit is shown in Fig. 5.20. Active and reactive power outputs of the
wind farm are shown in Figs. 5.21 and 5.22, respectively. From the results it can be seen that the

short circuit on the cluster 1 does not have so significant impact on neighbor clusters (Clusters 2,
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3, and 4) in the case of the proposed cluster converter system. It is seen that the voltage of other
clusters are almost constant. However, in the case of the wind farm without cluster converter, the
fault on the cluster circuit 1 has significant impact on the neighbor cluster circuits. Therefore it is
concluded that the proposed cluster converter system can minimize the spread of the fault effect

to neighbor cluster circuits
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Fig. 5.20. \oltage responses of cluster circuit (F2)

Voltage response of the HVDC circuit is shown in Fig. 5.23. During the fault at F2, the
voltage of HVDC circuit in the case of the proposed cluster converter system decreases to 130 kV,

because the wind farm absorbs large amount of reactive power (See Fig. 5.22) for recovering
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electromagnetic torque of the wind generators. However, the cluster converter is designed to
maintain the cluster circuit’s voltage constant at rated voltage, and hence the voltage can return
back to initial condition. On the other hand, voltage of the HVDC circuit in the case of the wind

farm without cluster converter decreases more.
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Fig. 5.21. Active power output of cluster wind farm (F2)
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Fig. 5.23. \oltage response of HVDC circuit (F2)

Finally, Fig. 5.24 shows active and reactive powers sent to the onshore system. As can be
seen from the simulation results in this case, responses of the state variables without the cluster
are recovered to the normal operation within 1 second. This is because the control mechanism is
similar to that of the cluster converter system. However, the significant difference is shown in Fig.
5.24. It is clearly seen that the effect of the fault on the active power sent to the onshore grid is
smaller in the case of the proposed system than in the case of wind farm without cluster converter.
The contribution of the cluster system is to minimize the decrease of active power injection to the
grid system. Therefore, sudden loss of large amount of active power in the power system can be

reduced significantly.
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Fig. 5.24. Active and reactive power output of onshore converter (F2)

5.5.2. Steady state performance analysis

To evaluate the steady state performance of the proposed system, responses for the wind
speed data as shown in Fig. 5.25 is investigated. Each wind speed is fluctuating randomly but the
wind speed for wind farm cluster 1 is set to decrease gradually to zero and then gradually increases
as shown in the figure. The reason to adopt such wind speed data is to confirm controllability of
the cluster converter system under low or zero wind speed. Fig. 5.26 shows the rotational speed of
SCIGs. Figs. 5.27 and 5.28 show the active and reactive power output of the wind farm clusters,
respectively. It can be seen that the rotational speed of SCIG-1 connected to Cluster 1 decreases

below the synchronous speed (1.0 pu) when the wind speed is at low or zero level and its active
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power output becomes negative. In this situation SCIG-1 is operating in motor mode and under

this condition large reactive power is absorbed by the cluster converter in order to maintain the

cluster terminal voltage at constant value. From these results, it can be concluded that the cluster

converter can work well in motor mode as well as in generator mode of the SCIG.

Voltage responses of the wind farm clusters are shown in Fig. 5.29, from which it is seen
that the voltages are maintained constant at rated voltage, 1.0 pu (33 kV). The voltage of HVDC
circuit is also maintained constant at 150 kV as shown in Fig. 5.30. Finally, the total active power

transmitted from the wind farm clusters to the onshore system is shown in Fig. 5.31, and it is seen

the power can be sent effectively with unity power factor through the onshore converter system.
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5.6. Chapter Summary

The new wind turbine cluster system composed of Squirrel Cage Induction Generators

(SCIGs) controlled by cluster converters with VSC-HVDC system has been proposed and

investigated. The dynamic and steady state characteristics of the proposed system have been

analyzed through simulation studies by using PSCAD/MTDC. From the simulation results it can

be concluded that the proposed system can enhance the performance and stability of the SCIG

based offshore wind farm under both transient and steady state conditions.
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Chapter 6

Conclusions

The rapid increase in installation of large-scale wind farms into the grid system would have
a serious impact on the system stability due to the variation of generated power from wind
generators. The wind farm penetration can have a serious effect on power system frequency
characteristics, especially frequency drop when unexpected generation loss due to a fault in the
grid system or load increase occurs. Frequency and voltage stabilities have become the main
aspects that should be considered from a viewpoint of the security of electric power system. During
severe network disturbance such as a short circuit fault, the terminal voltage of wind farm
decreases significantly and active power from wind farm cannot be supplied to the grid system.
Under such condition, large oscillation occurs in the power system frequency due to the loss of
active power. New studies must be performed in order to evaluate the behavior of the wind farms
after severe faults and improve the design of the wind farms in an efficient and economical way.
Therefore, the interaction between wind farm and grid system from points of view of transient and
steady state characteristics has become a very important issue to be analyzed.

Chapter 2 describes about wind turbine generation system. A brief introduction of basic
principles of energy extraction from wind is presented. Then, drive train and pitch angel control
models of wind turbine generator system are presented. The topological overview and modeling
are presented for both fixed speed and variable speed wind turbine generator systems. And this
chapter also gives overview and a brief introduction of basic principles the VSC-HVDC system.

In Chapter 3, a model system is considered in which a wind farm composed of Permanent
Magnet Synchronous Generator (PMSGs) and Squirrel Cage Induction Generators (SCIGS) is
connected to multi-machine power system. Though outputs of the SCIG based wind turbines are
collected on AC network, PMSG based wind turbines are integrated in DC network with single
grid side converter. The fixed speed wind turbines with SCIGs (FSWT-SCIGs) are widely used in
wind farm due to their advantages of mechanical simplicity, robust construction, and lower cost.
However, the FSWT-SCIG directly connected to the grid does not have any LVRT (Low Voltage
Ride Through) capability or FRT (Fault Ride Through) capability when a short circuit occurs in
the grid system. Moreover, under steady state condition its reactive power consumption cannot be
controlled and hence terminal voltage of the wind generator leads to large fluctuation. Combined
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installation of PMSG and SCIG in a wind farm can be considered a good solution, because the
PMSG can provide the required reactive power of SCIG during fault condition. Therefore, in this
chapter new control system for cooperated stabilizing control of PMSG based grid connected wind
farm is proposed, in which, in order to contribute to frequency and voltage stabilizing control,
controller system of the inverter of PMSG is modified in order for its active and reactive powers
to be delivered to the grid easily and effectively. The simulation analyses show the proposed
control system can enhance the fault ride through capability of the wind farm and also the transient
stability of the grid system during a severe 3LG fault. Therefore it can be concluded that the
proposed control strategy can contribute to enhance the stability of wind farm and connected power
system during a network disturbance.

In Chapter 4, a control strategy of DC-link protection of PMSG based wind turbine by using
new control system of buck converter is proposed and investigated. During a network disturbance
like a short circuit fault, output power of the PMSG decreases at the grid side converter and then
over-voltage can appear in DC-link circuit of the back-to-back power converter of PMSG due to
the energy imbalance between the stator side converter (SSC) and the grid side converter (GSC).
The voltage increase can be controlled by inserting a braking resistor in the DC-link circuit to
dissipate the excess energy through a power electronic switch. However, dissipated energy in the
braking resistor cannot be controlled, and hence, energy imbalance between SSC and GSC can
still appear. This is due to the imbalance between the output power from the generator and the
power capacity of the resistor. Increase of DC-link circuit voltage can lead to a damage of IGBT
of the converter and control system failure. In order to investigate effectiveness of the proposed
DC-link protection system, comparative simulation analysis has been performed for severe three-
line to ground (3 LG) fault between the proposed DC-link protection system and the conventional
protection system. From the simulation results, it is shown that the proposed method can control
well the DC-link voltage as well as other dynamic responses of PMSG such as rotor speed and
active power output. Therefore it can be concluded that the dynamic performance of PMSG can
be enhanced by the proposed DC-link protection system.

In Chapter 5, the wind turbines cluster system is proposed and investigated which is
composed of Squirrel Cage Induction Generators (SCIGs) controlled by cluster converter with
Voltage Source Converter based High Voltage Direct Current (VSC-HVDC) transmission system.

The wind turbine cluster systems (multiple clusters) are installed in an offshore wind farm and
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connected to onshore system through a VSC-HVDC transmission line. Doubly Fed Induction
Generator (DFIG) or Permanent Magnet Synchronous Generator (PMSG) based variable speed
wind turbine is also used in offshore wind farm with HVDC transmission system. These wind
generator concepts require power converter for each individual wind generator. From the
economical point of view, it will be desirable if the individual power converter of each wind
generator can be eliminated and the wind farm can be controlled by using cluster VSC converter.
The main purpose of grouping of wind turbine generators into clusters system is to reduce the
number of power electronic converters that can potentially fail. In addition, higher technical
availability of the wind turbines for power production can be achieved. Moreover, the provision
of redundant converters can be avoided. The performance, robustness, and effectiveness of the
control system for a wind farm are commonly evaluated in the transient and the steady state
conditions. Currently, the grid code prosecutes that the wind generators should be remained stay
online during a network disturbance, because out of synchronism of a large number of wind
generators has serious impact on power system stability. In order to investigate effectiveness of
the proposed wind turbine cluster system composed of Squirrel Cage Induction Generators
(SCIGs) controlled by cluster converters with VSC-HVDC system, simulation analyses have been
performed and the dynamic and steady state characteristics of the proposed system has been
investigated. From the simulation results it can be concluded that the proposed system can enhance
the performance and stability of the SCIG based offshore wind farm under both transient and
steady state conditions.

In conclusion, the investigations and results presented in this thesis will be effective to
enhance stable operation and effective control of grid connected wind farm in transient and steady
state conditions. The operation of wind farm can be serious situation or unstable when a fault such
as short circuit occurs in the connected grid system. This thesis presents analyses about dynamic
characteristics of and stabilizing control for a wind farm of several structures, all of which are
operated under Voltage Source Converter (VSC) system. For a wind farm with PMSGs and SCIGs
installed together, the new control method is developed for VSC of PMSG to enhance the stability
of the wind farm in Chapter 3. In Chapter 4, the new protection system is presented for DC-Link
circuit of back to back VSC converter of PMSG, which is very effective to enhance the fault ride
through capability of the wind farm. Finally the wind turbines cluster system composed of SCIGs

controlled by cluster converter with VSC-HVDC system is proposed, which is suitable to enhance
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stable operation of an offshore wind farm. Finally, it is hoped that this work will be of great impact
in wind power application, especially for increasing and developing VSC based grid-connected

wind farm.
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