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Abstract-This paper presents a state-of-the-art on enhancement of different performance parameters of power systems such as
voltage profile, damping of oscillations, loadability, reduce the active and reactive power losses, sub-synchronous resonance
(SSR) problems, transient stability, and dynamic performance, by optimally placed of FACTS controllers such as TCSC,
SVC, STATCOM, SSSC, UPFC, IPFC, HPFC in wind power Systems. Also this paper presents the current status on
enhancement of different performance parameters of power systems by optimally placed of FACTS controllers in wind power
Systems. Authors strongly believe that this survey article will be very much useful to the researchers for finding out the
relevant references in the field of the enhancement of different performance parameters of power systems such as voltage
profile, damping of oscillations, loadability, reduce the active and reactive power losses, sub-synchronous resonance (SSR)
problems, transient stability, and dynamic performance, by optimally placed of FACTS controllers in wind power Systems.
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(SVC), Thristor Controlled Series Capacitor (TCSC), Thristor Controlled Phase Angle Regulator (TCPAR), Sub-synchronous
Series Compensator (SSSC),Static Synchronous Compensator (STATCOM), Unified Power Flow Controller (UPFC), Inter-

link Power Flow Controller (IPFC),and Hybrid Power Flow Controller (HPFC).

1. Introduction

The worldwide concern about environmental pollution
and a possible energy shortage has led to increasing interest
in technologies for the generation of renewable electrical
energy. Among various renewable energy sources, wind
power is the most rapidly growing one in Europe and the
United States. With the recent progress in modern power
electronics, the concept of a variable-speed wind turbine
(VSWT) equipped with a doubly fed induction generator
(DFIG) is receiving increasing attention because of its
advantages over other wind turbine generator concepts. In
the DFIG concept, the induction generator is grid-connected
at the stator terminals; the rotor is connected to the utility
grid via a partially rated variable frequency ac/dc/ac
converter (VFC), which only needs to handle a fraction
(25%—-30%) of the total DFIG power to achieve full control
of the generator. The VFC consists of a rotor-side converter
(RSC) and a grid-side converter (GSC) connected back-to-
back by a dc-link capacitor. When connected to the grid and
during a grid fault, the RSC of the DFIG may be blocked to
protect it from over current in the rotor circuit. The wind
turbine typically trips shortly after the converter has blocked

and automatically reconnects to the power network after the
fault has cleared and the normal operation has been restored.
The author proposed an uninterrupted operation feature of a
DFIG wind turbine during grid faults. In this feature, the
RSC is blocked, and the rotor circuit is short-circuited
through a crowbar circuit (an external resistor); the DFIG
becomes a conventional induction generator and starts to
absorb reactive power. The wind turbine continues its
operation to produce some active power, and the GSC can be
set to control the reactive power and voltage at the grid
connection. The pitch angle controller might be activated to
prevent the wind turbine from fatal over speeding. When the
fault has cleared and when the voltage and the frequency in
the utility grid have been reestablished, the RSC will restart,
and the wind turbine will return to normal operation.
However, in the case of a weak power network and during a
grid fault, the GSC cannot provide sufficient reactive power
and voltage support due to its small power capacity, and
there can be a risk of voltage instability. As a result, utilities,
typically, immediately disconnect the wind turbines from the
grid to prevent such a contingency and reconnect them when
normal operation has been restored. Therefore, voltage
stability is the crucial issue in maintaining uninterrupted
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operation of wind turbines equipped with DFIGs. With the
rapid increase in penetration of wind power in power
systems, tripping of many wind turbines in a large wind farm
during grid faults may begin to influence the overall power
system stability. It has been reported recently that integration
of wind farms into the East Danish power system could
cause severe voltage recovery problems following a three-
phase fault on that network.

The problem of voltage instability can be solved by
using dynamic reactive compensation. Shunt flexible ac
transmission system (FACTS) devices, such as the SVC,
TCPAR, TCSC, SSSC, UPFC, IFPC, GUPFC, HPFC, and
the STATCOM, have been widely used to provide high-
performance steady state and transient voltage control at the
point of common coupling (PCC). The application of an
SVC or a STATCOM to a wind farm equipped with fixed-
speed wind turbines (FSWTs) and squirrel-cage induction
generators (SCIGs) has been reported in open literatures for
steady-state voltage regulation and in [1] and [8] for short-
term transient voltage stability. However, compared with the
FSWT with a SCIG, the operation of the VSWT with a
DIFG, particularly during grid faults, is more complicated
due to the use of power electronic converters, and it has not
yet been studied with the use of dynamic reactive
compensation. Nowadays wind as a significant proportion of
non-pollutant energy generation, is widely used. If a large
wind farm, which electrically is far away from its connection
point to power system, is not fed by adequate reactive power,
it present major instability problem. Various methods to
analyze and improve wind farm stability have been discussed
in open literatures. The increasing power demand has led to
the growth of new technologies that play an integral role in
shaping the future energy market. Keeping in view the
environmental constraints, grid connected wind parks are a
promising aspect in increasing system reliability and
congestion relief. Wind farms are either connected to the
grids or a stand-alone operation. With the ever changing
wind patterns, it is not feasible to connect wind farms
directly to the grids. Certain conditions have to be met before
wind farms start operating in conjunction with the main
power network. The succeeding sections of this paper present
the problems related with the reliable and secure operation of
Wind Energy Conversion Systems (WECS) and the possible
solutions. Though Doubly-Fed Induction Generators
(DFIGs), which have the feature of regulating the reactive
power demand, have emerged but most of the wind farms
worldwide employ either squirrel-cage induction generators
or rotor wound induction generators. These induction
generators draw reactive power from the main power grid
and hence might result in voltage drops at the Point of
Common Coupling (PCC). Moreover, the input power to
these induction machines is variable in nature and hence the
output voltages are unacceptably fluctuating. To address
these problems FACTS Controllers are being encouraged.
FACTS Controllers provide the necessary dynamic reactive
power support and the voltage regulation. Herein these
Controllers and their applications to wind farms is discussed.
On the other hand there exist instruments like Flexible AC
Transmission Systems (FACTS), which were developed in
order to dynamically control and enhance power system

performance. Stability is the key aspect for introducing
FACTS devices. Therefore, is seems quite natural, that one
of the today’s research topics is employment of FACTS
devices for enhancing wind farm performance with respect to
the grid codes and power system stability. FACTs are an
acronym which stands for Flexible AC Transmission System.
FACTS is an evolving technology based solution envisioned
to help the utility industry to deal with changes in the power
delivery business. The potential benefits of FACTs
equipment are now widely recognized by the power systems
engineering and T&D communities. The philosophy of
FACTs is to use power electronic controlled devices to
control power flows in a transmission network, thereby
allowing transmission line plant to be loaded to its full
capability. FACT devices are broadly classified in to two
categories based on the type of power switches employed.

They can be
1. Thyristor-Based FACTSs Controllers
2. GTO-Based FACTS

Developments in the field of high voltage power
electronics have made possible the practical realization of
FACTSs controllers. By the 1970s, the voltage and current
rating of GTOs had been increased significantly making
them suitable for applications in high voltage power systems.
This made construction of modern SVC, TCSC, TCPAR, and
many other FACTS controllers possible. A fundamental
feature of the thyristor based switching controllers is that the
speed of response of passive power system components such
as a capacitor or a reactor is enhanced, but their
compensation capacity is still solely determined by the size
of the reactive component. Series capacitors are connected
in series with transmission lines to compensate for the
inductive reactance of the line, increasing the maximum
transmittable power and reducing the effective reactive
power loss. Power transfer control can be done continuously
and rather fast using the TCSC, making it very useful to
dynamically control power oscillations in power systems. A
normal thyristor, which is basically a one-way switch, can
block high voltages in the off-state and carry large currents in
the on-state with only small on-state voltage drop. The
thyristor, having no current interruption capability, changes
from onstate to off-state when the current drops below the
holding current and, therefore, has a serious deficiency that
prevents its use in switched mode applications.

With the development of the high voltage, high current
Gate Turn-Off thyristors (GTOs), it became possible to
overcome this deficiency. Like the normal thyristor, a gate
current pulse can turn on the GTO thyristor, while to turn it
off, a negative gate-cathode voltage can be applied at any
time. This feature and the improved ratings of GTOs made
possible the use of Voltage-Sourced Converters (VSC) in
power system applications. If a VSC is connected to the
transmission system via a shunt transformer, it can generate
or absorb reactive power from the bus to which it is
connected. Such a controller is called Synchronous Static
Compensator or STATCOM and is used for voltage control
in transmission systems. The major advantage of a
STATCOM, as compared to a SVC, is its reduced size,
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sometimes even to less than 50 %, and a potential cost
reduction achieved from the elimination of capacitor and
reactor banks as well as other passive components required
by the SVC. If a VSC is employed as a series device by
connecting it to the transmission line via a series transformer,
it is called a Static Synchronous Series Compensator or
simply SSSC. This controller can also generate or absorb
reactive power from the line to which is connected and in
that way change the series impedance of the line. It is
convenient to think of the SSSC as being comparable to a
continuously variable series capacitor or inductor, and,
therefore, can be used to control the power flow in the
transmission line.

A UPFC can control transmission line impedance,
voltage and phase angle. It has the capability of controlling
with two-degrees of freedom, i.e. it can control inverter
output voltage magnitude and phase angle and only the
current rating of the device limits its output capabilities. This
new device offers utilities the ability to control voltage
magnitude in the system, control power flows, both steady-
state and dynamic, on predefined corridors, allowing secure
loading of transmission lines up to their full thermal
capability. A summary of different FACTs controllers is
given in Fig.1

The various FACTS controllers employed at wind power
farms sites are listed below.

+  Static Var Compensators (SVC)

«  Thyristor controlled Series Capacitor (TCSC or FC-
TCR)

e Thyristor controlled Phase angle Regulator (TC-
PAR)

»  Sub synchronous Series Capacitor (SSSC)

»  Static Compensators (STATCOM)

»  Unified Power Flow Controller (UPFC)

* Interlink Power Flow Controllers (IPFC)

»  Generalized Power Flow Controllers (GUPFC)

«  Hybrid Power Flow Controllers (HPFC)

The different type of FACTS controllers are discussed in
fig.1

Off-Shore wind farms have emerged as major
contributor of power generation in the European countries.
This power is being generated far from the point of
consumption. In the past, wind energy used to contribute a
very small fraction of the electrical power system network.
Today, this has changed dramatically with more wind energy
penetrating the conventional power network. The amount of
electricity being generated by wind turbines is increasing
continuously. In next 10 years, the wind energy is expected
to be in a proportion comparable to energy produced from
the conventional steam, hydro and nuclear systems so that
any adverse effect of wind generation integration would
jeopardize the stability of the system. With the current
integration and control schemes, the impact of wind energy
integration has adverse effects on the dynamics of the
already stressed power system in USA [1].
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Fig. 1. Summary of different FACT controllers

The main motivation behind this work is to utilize
thyristor-based FACTS devices for mitigation of SSR. The
FACTS devices may be already installed for achieving other
objectives and SSR damping function can be additionally
included, or the FACTS devices can be exclusively
connected for mitigating SSR. For instance, an SVC may be
already located at the wind farm for dynamic reactive power
support or for other power-quality (PQ) improvement
purposes. Similarly, a TCSC may already be inserted in the
transmission network to increase the power transfer
capability, and the large capacity wind farm may now need
to evacuate power through this series-compensated network.
The earlier fixed speed generators with variable gear
mechanical couplings used to generate electricity with a low
efficiency. In the recent years, variable speed wind
generatorshave been incorporated using power electronic
converters to decouple mechanical frequency and electric
grid frequency. The power electronic components are very
sensitive to over currents because of their very short thermal
time constants [2]. They sense a small voltage drop in the
terminal voltage instantly and the wind turbine is quickly
disconnected from the grid to protect the converter. This can
lead to instability even a wide-spread blackout when a power
system with high wind penetration is disconnected as a result
of a small drop in the voltage. For the integration of wind
generation to the utility grid, the voltage profile of the bus at
the PCC is critical. Thus, it is necessary to maintain and
control the bus voltage at the PCC under different operating
conditions. FACTS) devices such as SVCs and STATCOM
are power electronic switches used to control the reactive
power injection at the PCC, thereby regulating the bus
voltages. Various papers have suggested methods to control
the bus voltage with SVCs on the system. It has been shown
in [3], [4] and [5] that the voltage profile of the power system
can be improved with SVCs and STATCOMs. Coordination
among the voltage compensating devices leads to better
performance and improves stability in the system. Linear
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control techniques use PI controllers which are tuned for
nominal operating condition to achieve acceptable
performances. The drawback of such Pl controllers is that
their performance degrades as the system operating
conditions change. Thus, nonlinear controllers can provide
good control capability over a wide range of operating
conditions [6]. They can compensate for the dynamics of
wind farms through adaptation of the controller parameters.
Wind power is the most rapidly growing technology for
renewable power generation [7]. It is being predicted that
12% of the total energy demand all over the world will come
from wind power at the end of 2020 [8]. With this rapid
growth of installed capacity of the wind farms, it is also
necessary to transmit the generated power to the grid through
the transmission networks. It is a well known fact that series
compensation is an effective means of increasing power
transfer capability of an existing transmission network.
However, in case of series compensated networks supplied
by steam turbine driven synchronous generators sub-
synchronous resonance may become a potential problem [9-
10]. FACTS can provide an effective solution to mitigate
SSR [11]-[13]. SSR may comprise both torsional interactions
and induction machine self excitation effect. Self excitation
effect may arise when an Induction Generator employed in a
wind farm is supplying power to the grid through a series
connected transmission line [14]. Also, wind turbine
generators exhibit natural mechanical oscillation modes for
both tower structure and the turbine [14]. These torsional
oscillations are caused by various mechanical masses
mounted on the same shaft of the wind turbine such as gear
train and turbine modes or sideways oscillations of the tower
[15]. Wind turbine torsional systems had been modeled in
detail in the past and mechanical oscillations due to those
torsional masses were damped using pitch angle controller as
well as power system stabilizer (PSS) [16].

The references discussed in regarding with the sub-
synchronous resonance (SSR) problems in wind power
system viewpoint [17]-[31], voltage stability of wind power
systems viewpoint [32]-[126], power oscillation damping of
wind power systems viewpoint [127]-[136], wind power
transfer capability viewpoint [137]-[138], transient stability
of wind power systems viewpoint [139]-[141], loadability of
wind power system viewpoint [142]-[143], voltage security
viewpoint [144], reduce active power and energy losses
viewpoint [145]-[148], dynamic performance of wind power
system viewpoint [149]-[150], mitigations of harmonics
parameters of wind power systems viewpoints [151]-[157],
reliability of wind power systems viewpoints [158]-[172],
operations of flexibility of wind power systems viewpoints
[173]-[224], operation of wind power systems viewpoints
[225]-[252], control of wind power systems viewpoints
[253]-[275], planning of wind power systems viewpoint
[276]-[278], protection of wind power systems viewpoint
[279]-[299], steady-state and dynamic stability by svc and
STATCOM in wind power systems viewpoints [300]-[321],
low-voltage-ride-through (LVRT) capability in wind power
systems viewpoints [322]-[348], others parameters of wind
power systems viewpoints [349]-[378].

This paper is organized as follows: Section Il discusses
the overview of facts controllers for an integrated wind

power farms technology. Section Il presents the a survey on
enhancement of performance parameters of wind power
farms by facts controllers. Section IV presents the summary
of the paper. Section V presents the results and discussions.
Section VI presents the conclusions of the paper.

2. Overview Of Facts Controllers For An Integrated
Wind Power Farms Technology

2.1. Background and Mativation in Wind Power

Over the last 30 years, wind power has emerged as the
most promising renewable re-source for its rapid
developments in disciplines such as aerodynamics, structural
dynamics, mechanics as well as power electronics. In spite of
the phenomenal growth and development in the last decades,
the WT industry keeps moving forward in order to increase
the efficiency and controllability of the wind turbines and to
improve the integration to the power grid [1].

The present wind power share of the world’s electricity
generation is of 1.6%, but a bigger share up to 8.4% in 2019
was indicated by the forecasts and the predictions presented
in [2]. The European Wind Energy Association scenario
shows that over the next ten years, wind energy could meet
one fifth of the EU’s electricity demand in 2020, one third in
2030, and half by 2050 (Figure 2) [3].

Fig. 2. Expected increase in EU’s share of )‘“éilﬁéctricity
provided by wind power

As a result of this scenario, high level of wind power
(>30%) should be integrated into large inter-connected
power systems and major issues can appear if the existing
power systems are not properly redesign. Penetration levels
in the electricity sector have already reached 21% in
Denmark, 7% in Germany and about 12% in Spain.
Achievements are even more impressive at the regional level.
For example in the north German state of Schleswig-Holstein
the installed wind capacity has over 2500 MW enough to
meet 36% of the region’s total electricity demand, while in
Navarra, Spain, 70% of consumption is met by wind power
[4]. The figure 3 show that the global wind power
projections.

Global Wind Power Projections
Cumulative MW - Forecast 2014 & Prediction 2019
350,000
300,000 — — 1
250,000
200,000
150,000
100,000
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0 T T T
Europe North America Asia Rest of World
Source: ETH Consult A0S - March 2010 | 2014 (447,683 MW) 01 2019 (966,332 MW) |

Fig. 3. Global wind power projections
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From Figure 3 it can be observed that in future, many
countries around the world are likely to experience similar
penetration levels, as wind power is an interesting economic
alternative in areas with appropriate wind speeds.

Today, modern energy industry faces a growing
awareness regarding the impact of conventional power
generation on the environment. An issue such as limited
fossil fuel reserves, climate change due to CO2 emissions,
brings to attention alternative technologies to generate
electricity in a more sustainable manner [4]. As global
energy demand is constantly rising, there is a great
responsibility for society to develop the green technologies
for reducing its impact on the environment. In the trend of
diversifying the energy market, wind power is the most
rapidly growing sector. After the oil crisis from three decades
ago, wind power industry started to flourish. Since then wind
turbine technology improved rapidly and it soon took the title
of champion from all renewable sources of energy.
According to Global Wind Energy Council more than 160
GW of installed capacity has been achieved by the end of
2009 around the world. Also a total power increase of 35% is
accomplished in the year 2009 in the world. Thus a new
record per annum of installed wind power capacity has been
reached, summing up in 38 GW around the world. Europe
accounts for 50% of the total amount of installed Wind
Power around the world [5]. Figure 4 shows the continuously
growing trend of wind power installations inside European
Union. This reference scenario shows that with installations
of up to 300 GW by the year 2030, EU will have a 21% to
28% wind market penetration [2].
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Fig. 4.EU Wind Power Forecast for 2030

Along with the increasing demands for wind power, the
turbine technologies are improving and thus equipment costs
are reducing. Because the wind industry is a well established
powerhouse on the renewable market, its prices per kwh are
comparable with prices of the conventional energy
generations. Unlike gas, coal and oil resources which in
future will become scarce, and for which the technologies
became mature decades ago, the wind energy is abundant and
new improvements on aerodynamics and power electronic
devices are still to come. Therefore by 2030 electricity
production from wind will inevitably become cheaper than
any other source of energy, currently having a high market
share [2]. There is a good correlation between wind turbines
costs and their sizes. Unlike solar panels, which remain at the

same price regardless of array size, wind turbines become
cheaper with increased system size. The practical explanation
is that the power delivered by the wind turbine depends on
the square of the rotor diameter.

Figure 5 shows the evolution of wind turbine size with
respect to year of production. It is seen that in the last 20
years the rotor diameter has increased by a factor of 10.
Today state-of-the-art wind turbines, with 126 m for rotor
diameter, produce 5 to 6 MW of power (from RE Power and
Enercon manufacturers [6]).

Rotor diameter (m)

1¢ year of operation
nstaled power

Fig. 5. Increase of wind turbine size over the years

In order to better control more and more wind power fed
into the network, these MW range wind turbines are usually
connected together either onshore or offshore to form a wind
farm. However, including larger (hundreds of MW) wind
farms into the grid, will rise the wind power penetration to a
point at which it will have a significant impact on power
system operation. Already some regulatory tasks needed for
system stability, are being performed by wind power plants.
With the ever increasing of wind power in the energy mix,
Transmission System Operators (TSO) are forced to impose
new requirements on the wind farms for the well-functioning
of the power system network.

2.2. Wind Turbine Control Scheme

Basic Structure of the DFIG Wind Power Generation
System:

The term ‘doubly fed’ refers to the fact that the voltage
on the stator is applied from the grid and the voltage on the
rotor is induced by the rotor-side converter. This system
allows a variable-speed operation over a large, but restricted,
range. The converter compensates the difference between the
mechanical and electrical frequency by injecting a rotor
current with a variable frequency. The behavior of the DFIG
is controlled by the converter and its controller in both
normal and fault condition operation. Figure 6 shows the
basic structure of the DFIG wind power generation system.
Back-to-back PWM converters consist of two converters, the
stator-side converter and rotor-side converter, which are
controlled independently of each other. The main idea is that
the rotor-side converter controls the active and reactive
power by controlling the rotor current components, while the
stator-side converter controls the DC-link voltages and
ensures a converter operation at unity power factor (zero
reactive power). Depending on the operating condition of the
rotor, the power is fed into or out of the rotor. In an over
synchronous condition, power flows from the rotor via the
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converter to the grid, whereas power flows in the opposite
direction in a sub-synchronous condition. In both cases, the
stator feeds power into the grid.

Mechanical
Torque

Stator P & Q
3-Phase -—
Grid

L]

Rotor P & Q

‘ Wind Turbine

DC Lini

kLS,

Back-to-back
PWM Converters

Fig.6. Structure of DFIG wind power generation system

The theoretical power generated by the WTG is
expressed

as:
1 3
P=2CopV A
Where,
P: power [W]

Cp: power coefficient

p: air density (1.225 kg/m3)

V: wind velocity (m/sec)

A: swept area of rotor disc (m2)

The project deals with a variable speed, variable pitch
FSPC WT. The main circuit and control block diagrams for
the chosen WT topology, are presented in Figure 7. For
variable speed operation, the WT uses a full scale back-to-
back converter.

Generator Side Grid Side
PMSG Converter Converter

Drive Transformer
Wind Train Utilit
Vind o L - Utility
p— == - E@E Grid
l.m-;l / meas
[E}

\‘JI)(
PWM BWM [Ineas

‘ Generator Grid side ‘

Rotor

control control
Converter Control

Wt P:..‘T Tw;en \;;.T Tog,m

| Pitch control

Grid

J— Operator
| Grid

synchronization

Power Control

Wind Turbine Control

Fig. 7. Control scheme of WT

The generator side converter is controlling the speed of
the generator for maximum power extraction. The grid side
converter controls the voltage on the DC-link and also the
reactive power flow between the WT and grid. Another
control for the WT is the pitch control. It is applied to the
rotor blades and modifies the angle of attack of the blades so
that the output power can be controlled during high wind
speeds.

2.3. Problem Statement
To ensure the stability of the system, regarding power

quality and voltage level, all the grid codes demand that the
Wind Power Plant (WPP) must be able to produce reactive

power at the PCC. When dealing with WPP, adding the
reactive power capability of each individual WT may not be
sufficient to comply with the grid codes. This is due to the
losses in connection cables and line losses between WPP and
PCC. One solution is to use external reactive power
compensation, for example installing STATCOM at the
PCC. The main objective of this project is to develop a
reliable control strategy for WPP and STATCOM and
investigation of the impact of the connection cable length on
reactive power losses during steady state.

2.4. Fundamentals of FACTS Controllers in an Integrated
Wind Power Farms

In recent years, severe requirements have been placed on
the transmission network, and these requirements will
continue to increase because of the increasing number of
non-conventional generator plants. Several factors such as
increased demands on transmission and the need to provide
open access to generating companies and customers have
reduced the security of the system and the quality of supply.
The cost of transmission lines and losses, as well as
difficulties encountered in building new transmission lines,
would often limit the available transmission capacity. These
problems have necessitated a change in the traditional
concepts and practices of power systems. There are emerging
technologies available, which can help system operators to
deal with above problems [28]. FACTS is one aspect of the
power electronics revolution that happened in all areas of
electric energy. These controllers provide a better adaptation
to varying operational conditions and improve the usage of
existing installations. FACTS controller is defined as a
power electronic-based system that provide control of one or
more AC transmission system parameters (series impedance,
shunt impedance, current, voltage, phase angle).

The FACTS controllers are mainly used for the
following applications:

«  Power flow control,

» Increase of transmission capacity,

*  Voltage control,

+ Reactive power compensation,

»  Stability improvement,

*  Power quality improvement,

»  Power conditioning,

»  Flicker mitigation,

» Interconnection of
generation and storage

renewable and distributed

Using the advantages offered by the power electronic
devices the FACTS controller provides a smoother operation
and an increased lifetime of the system(less maintenance),
compared to the conventional devices which are mechanical
switched [28]. In general, FACTS controllers can be divided
into four categories:

«  Series FACTS Controllers
«  Shunt FACTS Controllers
«  Combined series-series FACTS Controllers
«  Combined series-shunt FACTS Controllers
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The basic limitations in power system transmission such
as distance, stability, effective power flow and cable loading
limits led to the investigation of power electronic devices
into power systems and their impact on reactive power
compensation. Thus FACTS devices were introduced as a
solution for ameliorating the power system performance.
Development of this technology was based on the same
principle as in traditional power system controllers (i.e. phase
shifting transformers, passive reactive compensation,
synchronous condensers etc.)[7]. Growing capabilities of
power electronic components resulted in creation of
controllers with much faster response times, due to their lack
of mechanical switch inertias. Lower transient over voltages
are accomplished when using semiconductor devices, also a
smooth, gradual change in var output is made, compared to
the large discrete steps that arise from mechanically
switching in capacitor and/or reactor banks. FACTS
controllers using semiconductor devices are the fastest option
for obtaining maximum system benefits. Also the usage of
semiconductor switches instead of mechanical switches, led
to an increased life-time of the system by less maintenance.
The drawback of this technology is that it is more expensive
than the traditional methods. As can be seen in Fig. 3.1
FACTS devices can be divided into two subgroups. Old
generation was based in thyristor valve idea and the new
generation focuses on using the voltage source converter. In
both cases corresponding solutions provide similar services.
The main difference between those two categories is that
VSC technology is much faster and has a bigger range of
control [8].

A more detailed classification of the FACTS controllers
is presented in Figure 8.

FACTS-Devices
(fast, static)

Conventional
(switched)

|
. Voltage Source
R, L, C, Transformer ‘ ‘ Thyristor-valve ‘ ‘ Converter (VSC)

Static Synchronous
Compensator
(STATCOM)

Thyristor Controlled
Series Compensator Series Compensator
(TCSC) (S88C)

- Unified/Interline
Phase Shifting Power Flow Controller
Transformer (UPFC/IPFC)

Shunt
Devices

Switched Shunt-
Compensation (L, C)

Static Var
Compensator (SVC)

Switched Series- Static Synchronous

Compensation (L, C)

Series
Devices

Dynamic Flow
Controller (DFC)

HVDC Back to Back
(HVDC B2B)

HvDC VSC
Back to Back
(HVDC-VSC B2B)

Fig. 8. Overview of major FACTS controllers

The first column in Figure 8 contains the conventional
devices build out of fixed or me-chanically switchable
components. From this figure it can be also observed that the
FACTS controllers are divided in two categories. While the
first category is represented by the old generation of
controllers based on the well proven thyristor valve
technology, the second category is represented by the new
Voltage Source Converter technology based mainly on the
Insulated Gate Bipolar Transistors (IGBT) [29]. For a WPP

one of the requirements imposed by the TSO, through the
new grid codes, is the reactive power compensation at the
PCC during normal or abnormal conditions operation. Since
the purpose of the application is to control the voltage at and
around the point of connection by injecting reactive current
(leading or lagging), the Shunt devices proved to be the most
suitable solution [28]. Eventually FACTS devices found
applicability in the wind power industry. It was found that
providing earlier WPP’s with some external reactive
compensation devices such as SVC or STATCOM, the grid
compliance can be met, and thus the WPP’s could remain
connected to the power system without stability risks.
Different way to categorize the FACTS controllers is to
group them in a way that they are connected to the power
system: shunt, series or shunt-series connection. This project
focuses on FACTS device applicable for Wind Power (WP)
technology. In the following section the shunt FACTS
controllers used for Wind Turbines are presented.

a. Static Var Compensator(SVC)

SVC’s being dated from early 70’s, have the largest
share among FACTS devices. They consist of conventional
thyristors which have a faster control over the bus voltage
and require more sophisticated controllers compared to the
mechanical switched conventional devices. SVC’s are shunt
connected devices capable of generating or absorbing
reactive power. By having a controlled output of capacitive
or inductive current, they can maintain voltage stability at the
connected bus. Figure 9 shows these configurations: the
Thyristor Controlled Reactor (TCR), the Thyristor Switched
Reactor (TSR) and the Thyristor Switched Capacitor (TSC)
or a combination of all three in parallel configurations. The
TCR uses firing angle control to continuously
increase/decrease the inductive current whereas in the TSR
the inductors connected are switched in and out stepwise,
thus with no continuous control of firing angle. Usually
SVC’s are connected to the transmission lines, thus having
high voltage ratings. Therefore the SVC systems have a
modular design with more thyristor valves connected in
series/ parallel for extended voltage level capability.

53
T
L

Wi

X

I 1 4 0

capacitive inductive

TCR/TSR TSR/ITCR+TSC

Fig. 9. Basic structures of Thyristor Controlled Reactor
(TCR) and its characterizes

To provide  the needed reactive power
generation/consumption in the network SVC’s adjust the
conduction periods of each thyristor valve. For an SVC
consisting of one TCR and one TSC, assuming that both
reactor and capacitor have same pu. ratings then the
following scenarios can occur:
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*  Reactive power is absorbed when the thyristor valve
on the reactor leg is partially or fully conducting and
the capacitor leg switch is off.

» Reactive power is generated when the thyristor
valve on the reactor leg is in partial or no conduction
mode and the capacitor leg switch is on.

« No reactive power is generated/absorbed if both the
thyristor valve is not conducting and the capacitor
switch is off.

The voltage-current (V-I) characteristic of an SVC with
the two operating zones is shown in Figure 3.2. A slope
around the nominal voltage is also indicated on the V-I
characteristic, showing a voltage deviation during normal
operation, which can be balanced with maximum capacitive
or inductive currents. As the bus voltage drops, so does the
current injection capability. This linear dependence is a
significant drawback in case of grid faults, when large
amount of capacitive current is needed to bring back the bus
nominal voltage. The technology of SVC with thyristor
valves is becoming outdated mainly due to the slow time
responses, of injected current dependence on bus voltage and
low dynamic performance. Their replacements are called
Static Synchronous Compensator’s (STATCOM) and will be
discussed in the following section.

b. Static Synchronous Compensation(STATCOM)

Another way to enhance a Wind Power Plant with ability
to deliver or absorb reactive power from the grid is to use
Static Synchronous Compensation. STATCOM can be
treated as a solid state synchronous condenser connected in
shunt with the AC system. The output current of this
controller is adjusted to control either the nodal voltage
magnitude or reactive power injected at the bus. STATCOM
is a new breed of reactive power compensators based on
VSC. It has a characteristic similar to a synchronous
condenser, but because it is an electrical device it has no
inertia and it is superior to the synchronous condenser in
several ways. Lower investment cost, lower operating and
maintenance costs and better dynamics are big advantages of
this technology [8].

STATCOM consists of one VSC with a capacitor on a
DC side of the converter and one shunt connected
transformer. Voltage Source Converter is usually built with
Thyristors with turn-off capability like Gate Turn-Off (GTO)
or today Integrated Gate Commutated Thyristors (IGCT) or
with Insulated Gate Bipolar Transistors (IGBT) based

converter. Configuration of the STATCOM circuit is
presented on Fig. 10.
Bus k Bus k
*.L_ . Vi /Bir v .
Voo - . - “;_K
T Jg e
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Fig. 10.STATCOM scheme with circuit

representation.

As it was mentioned before STATCOM can be treated as
a synchronous voltage source, because its output voltage can
be controlled as desired (Fig. 3.3). Assuming that no active
power is exchanged between STATCOM and the grid

equivalent

(lossless operation) the voltage of the controller is in phase
with the grid voltage. If the compensator voltage magnitude
is smaller than the voltage at the connection node current will
flow from the grid to STATCOM. In this case the reactive
power will be consumed. If the situation is opposite the
reactive power will be delivered to the grid. Schematic
representation of this principle is presented using phasor
diagrams on Fig. 11.

Vsratcom

A
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Fig. 11. Schematic representation of working principle of
STATCOM

Figure 12 show that the comparison between SVC and
STATCOM

Fig. 12. Comparison between SVC and STATCOM
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capacitive inductive

“inductive”
under-excited

“capacitive”
over-excited

SVC
TCR TSR (+TCR}
Compensation Very Good
Accuracy Good (very good with TCR)
Control Very Good Good
Flexibility {very good with TCR)
Reactive Power | Lagging/Leading Leading/Lagging
Capability indirect indirect
Control Continuous Discontinuous
{cont. with TCR)
Response Time Fast, Fast,
0.5t0 2 cycles 0.5 to 2 cycles
Very high Good
Harmonics (large size (filters are
filters are needed) | necessary with TCR)
Good, Good,
Losses but increase but increase in
in lagging mode leading mode
Phase Balancing
Ability Good Limited
Cost Moderate Moderate

A STATCOM injecting reactive current is supporting the
grid voltage. Comparably when STATCOM is absorbing
reactive current it is decreasing the grid voltage. In the first
case controller behaves as an overexcited generator or
capacitor and in the second case STATCOM behaves as an
under excited generator or inductor. According to [8] the
power flow constraints of STATCOM are:

173



INTERNATIONAL JOURNAL OF RENEWABLE ENERGY RESEARCH

Bindeshwar Singh ,Vol.2, No.2, 2012

Control modes:

The control of reactive power flow provided by
STATCOM can be realized in one of the following control
modes.

Reactive power:

This type of control strategy focuses on reactive power
injection to the local bus, to which the STATCOM is
connected, according to a reference from the wind park
controller.

Voltages droop characteristic:

In this type of operation STATCOM works in a way to
fulfill a voltage/reactive power slope characteristics. This is
done by setting a target voltage accepted from wind park
controller at the PCC.

Power factor:

The following table summarizes the main characteristics
of the most important shunt Var compensators. The
significant improvements observed in the STATCOM
devices, makes them a first choice for improving the
performances in AC power systems.

2.5. Reactive Power Distribution Algorithm With And With
STATCOM

Having the ability for providing the reactive power by
WPP is not always enough. For WPP with long connection
cables the line losses can significantly influence the
availability of reactive power at PCC. One of the possible
solutions is to use STATCOM at the PCC. The challenge lies
in building a good communication and distribution
algorithm, for both WPP and STATCOM. This section
proposes a simple solution. Figure 13 presents the idea:

WPPC
AQ
Pwep »
P R Qﬂpp
Qrso
Qstatcom
—

Qpcc —'®
Fig. 13.Simple reactive power distribution algorithm for
WPP with STATCOM.

The algorithm works as follows: first the Wind Power
Plan Controller (WPPC) gets the reactive power reference
signal from TSO. Then depending on the produced active
power WPPC gets the available reactive power from WPP. If
the TSO requirement is not fulfilled a reactive power
reference signal is send to STATCOM controller. This signal
is built as a difference between the required reactive power at
PCC and reactive power produced by WPP. In case of having
a connection line between the WPP and the PCC additional
reference signal component for STATCOM is defined. This

signal is built as a difference between required reactive
power at PCC and actual measured reactive power at PCC.

2.6. Technical and Economic Analysis Assumptions

As presented above, reactive power devices can be
characterized as dynamic or static depending on their
location and functionality. Static reactive power supply is
most commonly found in the WF PCC and it is provided by
capacitors, load tap changers on transformers, and reactors.
In the following analysis only capacitor banks were
considered while load tap changers for transformers are
proposed as one of the objectives for the further work.
However, static reactive power supply cannot respond to
load changes rapidly. Therefore due to this primary
disadvantage of static reactive reserves, the interest for the
dynamic reactive reserves increased rapidly in the past years
[30]. Moreover, in this project the following devices were
considered for dynamic reactive power capability:

*  Pure Reactive Power Compensator (STATCOM) in
the WF PCC
*  Oversized WTs Grid Side Converter

An inverter that is connected with a distributed energy
device such as a WT can provide dynamic control of real and
reactive power. Although conventionally the range of the
reactive power supply from such devices is limited, it is
possible to upgrade the inverters to supply reactive power in
a much larger range. Over sizing of the inverter will
significantly increase the range of reactive power supply but
the main disadvantage is that cost increases as the reactive
power ability is increased. It can be concluded that the
optimal allocation of reactive power capability for a given
WEF will be defined by 3 devices:

*  WTs grid side converter
« STATCOM
»  Capacitor banks in PCC

Since the economical scope of this analysis is to
minimize the capital costs for the above devices the range of
prices per kVAr where considered based on Figure 14 and
[31-32].
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Fig. 14. Average Costs of Reactive Power Technologies

Moreover two types of study cases are presented. While
for the first study case, the fulfillment ratio (FFR) of the WF
based on TSO Q requests is less than 100%, for the second
study case the optimal Q ratings for the WF compensators
will always be capable of fulfilling all TSO request.
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3. A Survey On Enhancement of Performance
Parameters Of Wind Power Farms By Facts
Controllers

3.1. Sub-synchronous Resonance (SSR) Problems in Wind
Power System Viewpoint:

Hence with the rapid growth of installed capacity of
wind farms, the large wind turbine generators (WTGs) are
integrated into electric power grids. The generated power by
this way should be transmitted through the transmission
system that can sustain large power flow. For an existing
transmission network, the series compensation is known as
an effective mean of increasing the total and available
transfer capability (TTC and ATC) [17]. However, in such
compensated networks, a serious destructive phenomenon
referred to as sub-synchronous resonance (SSR) might
appear which could be a potential origin for the turbine-
generator shaft failure and instability of the power system
[18]-[19]. SSR could comprise either torsional interactions
(TI) or induction generator (IG) effect [20]. A radial
connected wind farm operating on the end of a series
compensated transmission line is highly susceptible to the
SSR which is generated due to the induction generator effect
[21]. It is widely accepted that flexible ac transmission
systems (FACTS) can provide an effective solution to relieve
the SSR [22]-[29]. Quite few papers attempted the
application of various FACTS devices to attenuate SSR in
series compensated wind farm connections. In [26], [27], and
[30], SSR mitigation in a series compensated wind farm was
examined utilizing SVC as well as TCSC. Reference [31] has
proposed a novel STATCOM controller for mitigating SSR.
The main concentration of this reference is to design a novel
controller and examine its performance. Hence, a detailed
review and study on STATCOM performance in alleviating
SSR s still essential in order to provide a comprehensive
understanding of the issue. The growing penetration of
produced wind power (size growth of wind farms) forced the
TSO and DSO to develop more strict and detailed grid codes
for wind turbines. The new grid codes specify new
requirements for WPP regarding such issues as frequency
control, voltage control and fault ride-through behavior. This
thesis deals with reactive power compensation, which in
practice influences the voltage control. Besides its main role,
which is voltage regulation, STATCOM applications include
the following:

«  stabilization of weak system voltage
+ reduced transmission losses

« enhance transmission capacity

»  power oscillation damping

e improve power factor

» reduce harmonics

»  flicker mitigation

»  assist voltage after grid faults

3.2. Voltage Stability of Wind Power Systems Viewpoint:
In [32], the swing equations for renewable generators are

formulated as a natural Hamiltonian system with externally
applied non-conservative forces. A two-step process referred

to as Hamiltonian Surface Shaping and Power Flow Control
(HSSPFC) is used to analyze and design feedback controllers
for the renewable generator system. This formulation extends
previous results on the analytical verification of the Potential
Energy Boundary Surface (PEBS) method to nonlinear
control analysis and design and justifies the decomposition
of the system into conservative and non conservative systems
to enable a two-step, serial analysis and design procedure. In
particular, this approach extends the work done by
developing a formulation which applies to a larger set of
Hamiltonian Systems that has Nearly Hamiltonian Systems
as a subset. The results of this research include the
determination of the required performance of a proposed
Flexible AC Transmission System (FACTS)/storage device
to enable the maximum power output of a wind turbine while
meeting the power system constraints on frequency and
phase.

In [33], like conventional power plants, wind power
plants must provide the power quality required to ensure the
stability & reliability of the power system. Increasing amount
of wind turbine are connected to electrical power system in
order to mitigate the negative environmental consequence of
conventional electricity generation. While connecting wind
turbine to grid it is important to understand source of
disturbance that affect the power quality. In general voltage
& frequency must be kept as stable as possible. This stability
can be obtained by using FACTS devices. Recently voltage-
source or current-source inverter based various FACTS
devices have been used for flexible power flow control,
secure loading and damping of power system oscillation.
Some of those are used also to improve transient & dynamic
stability of wind power generation system (WPGS). In this
paper, we propose the STATCOM based on voltage source
converter (VSC) PWM technique to stabilize grid connected
squirrel cage wind generator system. In [34], voltage control
and reactive power compensation in a distribution network
with embedded wind energy conversion system (WECS)
represented in this literature. The WECS is of a fixed speed
constant frequency type that is equipped with an induction
generator driven by an unregulated wind turbine. The
problem is viewed from short term (10 seconds) and mid-
term (10 minutes) time domain responses of the system to
different wind speed changes. Being disturbed by a variable
wind speed, the WECS injects variable active and reactive
power into the distribution network exposing nearby
consumers to excessive voltage changes. In the FACTS
based solution approach, the UPFC is used at the point of the
WECS network connection to help solve technical issues
related to voltage support and series reactive power flow
control. Further on, continuous voltage control and reactive
power compensation at the point of the WECS network
connection is provided by using FACTS-based device.
Among FACTS devices, the UPFC is chosen due to its
versatile regulating capabilities [35]. The UPFC consists of
shunt and series branches, which could be interchangeably
used. Being located at the point of the WECS connection to
the distribution network, it is made possible to
simultaneously control the WECS bus voltage magnitude
and/or series reactive power flow that WECS exchanges with
the network. Wind energy is a promising renewable energy
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source. In particular in Europe the installed capacity is
growing at a considerable rate, approximately 20% annual
growth rate for the past five years [36]. Today, the focus
regarding the interaction between the electric network and
wind energy installation has been shifted, since the loss of
such a considerable part of the power production (as wind
energy constitute in some regions) due to network
disturbances cannot be accepted any more [37]. Accordingly
the important issue is to avoid a disconnection of a wind
energy installation during a network disturbance. Moreover,
it is of course also of great importance to be familiar with
how a wind energy installation reacts to network
disturbances. Induction generator (I1G) is widely used as wind
generator due to its simple, rugged and maintenance free
construction. But as it has some stability problem, it is
necessary to investigate the stability aspect of induction
generator while connected to the power grid [38]. The
voltage recovery after the network disturbance can be
assisted by dynamic slip control and pitch control in a wound
rotor induction generator based WPP [39]. Recently voltage-
source or current-source inverters based FACTS devices
such as static var compensator (SVC), static reactive
compensator (STATCOM), dynamic voltage restorer (DVR),
solid state transfer switch (SSTS) and UPFC have been used
for flexible power flow control, secure loading and damping
of power system oscillation [40].

Some of those are used also to improve transient and
dynamic stability of wind power generation system. SVC is
reported to improve the terminal voltage of induction
generator by compensating the reactive power [41]. But
STATCOM has somewhat better performance compared to
SVC for reactive power compensation, which is reported
clearly in [42]. it is reported that STATCOM can recover
terminal voltage of wound rotor induction generator after the
fault clearance. But as only induction generator is connected
to the network, the Effect of STATCOM on the rest of the
system is not presented there clearly. Due to clean and
economical energy generation, a huge number of wind farms
are going to be connected with the existing network in the
near future. Induction generator (1G) is widely used as wind
generator due to its simple, rugged and maintenance free
construction. But as it has some stability problems [43], it is
necessary to investigate the stability aspect of induction
generator when connected to the power grid. Since a few
years ago, voltage-source or current-source inverter based
FACTS devices have been being used to improve transient
and dynamic stabilities of wind generator. Some authors
have reported valuable studies on STATCOM connected
with wind turbine generator system (WTGS) [44]-[48]. In
[44], steady state reactive power control and islanding
performance of induction generator are discussed. Flicker
mitigation of wind generator by using STATCOM is
discussed in [45]. Though a lot of works with STATCOM
have been reported so far, stability enhancement of WTGS
by using STATCOM is not sufficient enough. In [46], it is
reported that STATCOM can recover terminal voltage of
wound rotor induction generator after a fault clearance. But
as only induction generator is considered in the model
network, the effect of STATCOM on the rest of the system is
not clarified there. In our previous work [47], stability of

fixed speed WTGS connected to a grid was discussed with
considering a two-level VSC based STATCOM. But in high
voltage applications, three-level inverter is better for VSC
based STATCOM. Therefore, in [48], we considered three-
level STATCOM based on PWM technique to enhance the
stability of wind generator in the simple model system with a
synchronous generator and infinite bus. A three-level PWM
based STATCOM s connected with each wind farm
terminal. Fuzzy logic controller (FLC) is used as the control
methodology of the STATCOM. Since shaft system
modeling has significant effect on the transient stability of
WTGS [49]-[50], two-mass shaft model is adopted in this
study. The capacitor bank capacity of wind generator is
reduced by 15 percentages when STATCOM is installed at
wind farm. As wind speed is intermittent and stochastic in
nature, the terminal voltage of wind generator fluctuates
randomly, which has an adverse effect on the rest of the
power system. In this study, it is reported that the
STATCOM with reduced capacitor bank can decrease the
voltage fluctuations of multi-machine power system as well
as wind generator terminals. Moreover, it is shown that the
STATCOM can also enhance the transient stability of
induction and synchronous generators when a network
disturbance occurs in the power system. In [48], only the
symmetrical fault is considered. In this study, both of the
symmetrical and the unsymmetrical faults are considered. A
wind farm including multiple wind generators is also
considered in this study for the sake of precise analysis,
which is not considered in [48]. In [51], has been presented a
state of art on voltage and frequency controllers (VFCs) for
isolated asynchronous generators (IAGs) for standalone wind
energy conversion systems. In wind turbine-driven 1AG,
magnitude and frequency of the generated voltage vary
because of varying consumer loads and wide fluctuation in
wind speeds. Therefore, new types of VF controllers based
on a voltage source converter along with a battery energy
storage system are proposed to maintain the voltage and
frequency of IAG constant at varying wind speeds and
varying consumer loads. STATCOMs serve the same
purpose as the Static Var Compensators but their response to
the faults is faster as compared to its thyristor based
counterparts. STATCOM may have a power supply of their
own and hence help in controlling the sudden voltage
outbursts during the islanding situations. STATCOMs find
application in flicker mitigation at the point of common
coupling (PCC) during continuous operation and providing
reactive power support to the Wind Energy Conversion
Systems (WECS) [52]-[61]. STATCOM is a relatively new
technology as compared to and being expensive is not being
used extensively but STATCOMs have been brought into
operation at few sites. UPFC is an upcoming device in
FACTS technology. It hasn’t been used in wind farm
technology but a few proposals [62]-[64] showing them as
replacements for SVC and TCSC have come up. Fuzzy
Logic Control for UPFC employed in wind farm applications
has been discussed by A. Papantonniou [65]. Part of the
reactive power requirement is supplied by Fixed Capacitors
(FC) connected at the terminals of each turbine. As most of
the wind turbines operate from remote areas, therefore, effect
of real power and reactive power flow on the voltage quality
is prominent. A SVC is installed to provide dynamic reactive
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power support required [66]-[83]. To initiate the proper
operation of the SVC various mathematical models for
control have been developed. Studies have been performed
addressing the steady state and transient state problems on a
number of simulation platforms. Regarding wind power
conversion units, several studies have investigated the impact
on power system oscillations of wind power plants (WPP)
based on primarily the fixed speed induction generator
(FSIG) and the doubly-fed induction generator (DFIG) [84]-
[87]. With expanding penetration of wind power it must be
expected that power plants based on synchronous generators
at some point start being displaced.

This is to be expected due to multiple reasons; it is first
of all important to keep the power balance in the system, and
secondly, it may be economically and energy inefficient to
keep a large number of partially loaded synchronous
generators on-line. Synchronous machines equipped with
power system stabilizers (PSS) are today the most cost-
effective method of improving the small signal stability [88].
Besides synchronous generators equipped with PSSs, also
FACTS devices, e.g. SVCs or STATCOMs [89]-[91], and
HVDC stations [92], [93] are used to deliver the required
damping torque. Variable-speed WTs interfaced to the grid
with voltage source converters offer decoupled control of
active and reactive power [94], and these control capabilities
are used for active, e.g. [95], [96], and reactive power
control, e.g. [96], [97]. In [98]-[101] it has been proposed to
actively damp selected system modes using variable speed
WTs, and in [102], [103] robust controller tuning is
presented for a WPP power oscillation damping controller
(POD). In [104], the STATCOM application for efficient
operations of wind farm is described. The wind farm
connected with the electric power network is one of good
alternative energy sources. However, it would be also highly
possible that interconnection of wind farm causes unwanted
influences on distribution system operation, protection and
control. This paper proposes the STATCOM application for
reducing the negative effects from interconnection of wind
farm with distribution networks. The simulation results show
that STATCOM would be and effective and useful device to
resolve the bad influences from wind farm on distribution
networks and improve the operational efficiency of wind
farm. In [105], the wind power is known as the most
promising future energy source to obtain the electricity.
Induction generator is a simple energy conversion unit in the
wind power generation system but it consumes the reactive
power from the interconnected power system. Switched
capacitor banks are normally used to compensate the reactive
power, which bring about the transient overvoltage. This
paper proposes a method for compensating the reactive
power with STATCOM. A detail simulation model for
analyzing the interaction between the wind power system and
the commercial power system was developed using EMTDC
software. The developed simulation model can be effectively
utilized to plan the reactive power compensation for newly
designed wind power system. Shunt Flexible AC
Transmission System (FACTS) devices, when placed at the
mid-point of a long transmission line, play an important role
in controlling the reactive power flow to the power network
and hence both the system voltage fluctuations and transient

stability. This paper deals with the location of a shunt
FACTS device to improve transient stability in a long
transmission line with predefined direction of real power
flow. The validity of the mid-point location of shunt FACTS
devices is verified, with different shunt FACTS devices,
namely SVC and STATCOM in a long transmission line
using the actual line model. It has been observed that the
FACTS devices, when placed slightly off-centre towards
sending-end, give better performance in improving transient
stability and the location depends on the amount of
local/through load [106]. Operation of wind turbines has an
impact on the power quality and reliability at the connected
electric network. Power quality problems such as voltage
flicker and harmonic distortion along with reliability issues
are some major concern and in this work the flicker &
harmonics issues are considered. Wind turbine connected to
an induction generator and synchronous generator is modeled
using PSCAD to analyze power quality and reliability
problems. STATCOM unit is developed to inject reactive
power to mitigate power quality problems and to get stable
grid operation. Due to continuously varying wind speed
components, the active and reactive power along with
terminal voltage fluctuates continuously. By connecting
STATCOM into the grid, the active power, reactive power
and terminal voltage is maintained constant. The wind
electric generators have power electronic converters which
are used to sweep maximum power at the available speed and
for efficient control introduce harmonics [107]. The most
commonly used device for flicker mitigation is the SVC.
However, the STATCOM has received much more attention
recently. Compared with the SVC, the STATCOM has many
advantages, such as overall superior functional
characteristics, better performance, faster response, smaller
size, cost reduction, and capable of providing both active and
reactive power [108]-[110]. The STATCOM, consisting of a
voltage source converter, uses advanced power switches to
provide fast response and flexible voltage control for power
quality improvement, which is suitable to application with
rapidly fluctuating loads. Using high frequency PWM, the
converter will create smooth current with low harmonic
content. Reference [111], discussed the application of
FACTS controller called Static Synchronous Compensator
STATCOM to improve the performance of power grid with
Wind Farms is investigated .The essential feature of the
STATCOM is that it has the ability to absorb or inject fastly
the reactive power with power grid. Therefore the voltage
regulation of the power grid with STATCOM FACTS device
is achieved. Moreover restoring the stability of the power
system having wind farm after occurring severe disturbance
such as faults or wind farm mechanical power variation is
obtained with STATCOM controller. The dynamic model of
the power system having wind farm controlled by proposed
STATCOM is developed. Flexible AC transmission system a
FACTS device such as Static Synchronous Compensator
STATCOM to improve the stability in wind farm is studied
[112]. They are able to provide rapid active and reactive
power compensations to power systems, and therefore can be
used to provide voltage support and power flow control,
increase transient stability and improve power oscillation
damping. Suitably located FACTS devices allow more
efficient utilization of existing transmission networks.
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Among the FACTS family, the shunt FACTS devices such as
the STATCOM has been widely used to provide smooth and
rapid steady state and transient voltage control at points in
the network. This issue is even more critical in the case of
micro-girds, since certain FACTS controllers, particularly
STATCOMs, are being considered as a possible solution for
some of the voltage and angle stability problems inherent to
these power grids. Consequently, typical STATCOM models
are validated here using system identification techniques to
extract the relevant electromechanical mode information
from time-domain signals [113]-[115]. System identification
techniques are used to readily and directly compare fairly
distinct STATCOM models, thus avoiding matrix based
eigen-value studies of complex system models and/or
modeling approximations. In [116], wind energy has been
developed significantly over last decade and has been noted
as the most rapidly growing technology and most cost-
effective ways to generate electricity from renewable
sources. On the other hand, the voltage of wind turbine
driven generator is variable due to intermittent nature of
wind energy. Therefore, the integration of large wind scheme
can pose inherent security problems such as voltage
fluctuations and power quality. Voltage control, power
quality and reactive power compensation in a distribution
network with embedded wind energy conversion system
represent the main goal of this literature. Reference [117],
grid connected Fixed Speed Wind Turbines (FSWT) may
cause voltage stability problems which results in islanding of
the generator from the grid. Voltage stability is a major issue
to achieve the uninterrupted operation of wind farms
equipped with FSWTs. In this literature the design of a
STATCOM based on Cascaded H-Bridge (CHB)-Multi
Level Converter (MLC) has been proposed. The wind power
penetration has increased dramatically in the past few years,
hence it has become necessary to address problems
associated with maintaining a stable electric power system
that contains different sources of energy including hydro,
thermal, coal, nuclear, wind, and solar. In the past, the total
installed wind power capacity was a small fraction of the
power system and continuous connection of the wind farm to
the grid was not a major concern. With an increasing share
derived from wind power sources, continuous connection of
wind farms to the system has played an increasing role in
enabling uninterrupted power supply to the load, even in the
case of minor disturbances. The wind farm capacity is being
continuously increased through the installation of more and
larger wind turbines. Voltage stability and an efficient fault
ride through capability are the basic requirements for higher
penetration. Wind turbines have to be able to continue
uninterrupted operation under transient voltage conditions to
be in accordance with the grid codes [118]. Grid codes are
certain standards set by regulating agencies. Wind power
systems should meet these requirements for interconnection
to the grid. Different grid code standards are established by
different regulating bodies, but Nordic grid codes are
becoming increasingly popular [119]. One of the major
issues concerning a wind farm interconnection to a power
grid concerns its dynamic stability on the power system
[120]. Voltage instability problems occur in a power system
that is not able to meet the reactive power demand during
faults and heavy loading conditions. Stand alone systems are

easier to model, analyze, and control than large power
systems in simulation studies. A wind farm is usually spread
over a wide area and has many wind generators, which
produce different amounts of power as they are exposed to
different wind patterns.

FACTS such as the STATCOM and the UPFC are being
used extensively in power systems because of their ability to
provide flexible power flow control [121]. The main
motivation for choosing STATCOM in wind farms is its
ability to provide bushar system voltage support either by
supplying and/or absorbing reactive power into the system.
The applicability of a STATCOM in wind farms has been
investigated and the results from early studies indicate that it
is able to supply reactive power requirements of the wind
farm under various operating conditions, thereby improving
the steady-state stability limit of the network [122]. Transient
and short-term generator stability conditions can also be
improved when a STATCOM has been introduced into the
system as an active voltage/var supporter [121]-[123].
Voltage stability is a key issue to achieve the uninterrupted
operation of wind farms equipped with doubly fed induction
generators (DFIGs) during grid faults. This literature
investigated the application of a STATCOM to assist with
the uninterrupted operation of a wind turbine driving a
DFIG, which is connected to a power network, during grid
faults. The control schemes of the DFIG rotor- and grid-side
converters and the STATCOM are suitably designed and
coordinated. The system is implemented in real-time on a
Real Time Digital Simulator. Results show that the
STATCOM improves the transient voltage stability and
therefore helps the wind turbine generator system to remain
in service during grid faults [124]. Further on, continuous
voltage control and reactive power compensation at the point
of the WECS network connection is provided by using
FACTS-based device. Among FACTS devices, the UPFC is
chosen due to its versatile regulating capabilities [125]. The
UPFC consists of shunt and series branches, which could be
interchangeably used. Being located at the point of the
WECS connection to the distribution network, it is made
possible to simultaneously control the WECS bus voltage
magnitude and/or series reactive power flow that WECS
exchanges with the network. This countermeasure is
expected to contribute in making assessed wind site viable
for connecting larger number of wind turbines. Reference
[126], has been presented an approach for enhancement of
voltage stability of an interconnected power system
employing distributed generators (DG) along with
conventional generators. When the DG is from wind then
voltage instability in the system is of great concern. In this
paper a 28 bus test system is considered where the wind
penetration varies from 10% to 99% over the day. This
causes a large variation at different bus voltages violating the
grid code. A shunt FACT device (SVC) is used to mitigate
this problem at the buses connected to wind generators.
Thereafter, suitable locations for the SVC placement are
identified to enhance the voltage stability and reduce system
power loss.
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3.3. Power Oscillation Damping of Wind Power Systems
Viewpoint:

In [127], damping of low frequency power oscillations is
one of essential aspects of maintaining power system
stability. In literature can be found publications on damping
capability of Doubly Fed Induction Generator based wind
turbines. Grid codes do not specify requirements for power
oscillation damping. However, this is one of the existing
problems in power systems. In [128] it is shown that
additional control loop for STATCOM controller can help to
damp power oscillations, while basic voltage support
function is maintained. In [128] optimized neural network
controller attenuates local plant oscillations of DFIG based
wind farm, during post fault period. In similar way, i.e. by
means of STATCOM control, the same problem is addressed
in [128]. Additional control loop is added to voltage
controller, to emulate rotor friction and consequently provide
damping torque. The damping loops are based on integrated
time absolute error of rotor speed and active power.
Reference [128] states that with such arrangement output
power oscillation are quickly damped after 3-phase fault. The
same controller allows to damp torsional oscillations of
DIFG turbine drive train, modeled as two-mass system [128].
Wind farms have not been considered yet in literature, to
play specific role in the intra-area or inter-area oscillations.
On other hand FACTS devices are widely recognized as one
of solutions for this problem, so such studies could be
performed.

Abdel magid et al., [129], the dynamic stability of a
single wind turbine generator supplying an infinite bus
through a transmission line was studied by developing the
linearized model of the power system under different loading
conditions. Clemens Jauch et al., [130], the effect of wind
turbines on the transient fault behavior of the Nordic power
system was investigated for different faults. Mohamed
S.Elmoursi et al.,[131], a novel error driven dynamic
controller for the STATCOM. FACTS device was designed
to stabilize both a stand-alone wind energy conversion
system as well as a hybrid system of wind turbine with
Hydro Generators. Olof Samuelsson and Sture Lindahl, et al.
2005 [132], a new definition on rotor speed stability of
asynchronous generators is proposed. Istvan Erlich et al.
[133], a control structure for DFIG based turbines under
unbalanced conditions is proposed. Varma R.K. and Tejbir
S.Sidhu et al. [134], the application of VSC based
transmission controllers for Wind energy conversion systems
is discussed. Vladislav Akhmatov et al. [135], the dynamic
behavior of the power system is analyzed with high wind
power penetration is analyzed. N.Senthil Kumar and
M.Abdullah Khan et al. [136], the impact of FACTS
controllers on the rotor speed /rotor angle stability of power
systems connected with wind farms is discussed.

3.4. Wind Power Transfer Capability Viewpoint:

This literature presented a voltage and frequency
controller (VFC) for a 4-wire stand-alone wind energy
conversion system (WECS) employing an asynchronous
generator. The proposed VF controller consists of a three leg

IGBT (Insulated Gate Bipolar Junction Transistor) based
voltage source converter and a battery at its DC bus. The
neutral terminal for the consumer loads is created using a T
connected transformer, which consists of only two single
phase transformers. The control algorithm of the VF
controller is developed for the bidirectional flow capability
of the active power and reactive power control by which it
controls the WECS voltage and frequency under different
dynamic conditions, such as varying consumer loads and
varying wind speeds. The WECS is modeled and simulated
in MATLAB using Simulink and PSB toolboxes. Extensive
results are presented to demonstrate the capability of the VF
controller as a harmonic eliminator, a load balancer, a neutral
current compensator as well as a voltage and frequency
controller [137]. The importance of renewable energy
sources has been growing at a high rate as a result of being
environment friendly. In particular, wind power is one of the
most successfully utilized of such sources to produce
electrical energy. Because of the randomness of wind speed,
the reliability impact on this highly variable energy power is
important aspect that needs to be assessed. In this paper, the
impact on the reliability indices of wind speed correlation
between two farms is considered [138].

3.5. Transient Stability of Wind Power Systems Viewpoint:

This paper presents a study of a DFIG wind power
generation system for real-time simulations. For real-time
simulations, the Real-Time Digital Simulator (RTDS) and its
user friendly interface simulation software RSCAD are used.
A 2.2MW grid-connected variable speed DFIG wind power
generation system is modeled and analyzed in this study. The
stator-flux oriented vector control scheme is applied to the
stator/rotor side converter control, and the back-to-back
PWM converters are implemented for the decoupled control
[139]. This literature proposed a new doubly-fed induction
generator (DFIG) system using a matrix converter controlled
by direct duty ratio pulse-width modulation (DDPWM)
scheme. DDPWM is a recently proposed carrier based
modulation strategy for matrix converters which employs a
triangular carrier and voltage references in a voltage source
inverter. By using DDPWM, the matrix converter can
directly and effectively generate rotor voltages following the
voltage references within the closed control loop. The
operation of the proposed DFIG system was verified through
computer simulation and experimental works with a
hardware simulator of a wind power turbine, which was built
using a motor-generator set with vector drive. The simulation
and experimental results confirm that a matrix converter with
a DDPWM modulation scheme can be effectively applied for
a DFIG wind power system [140]. Cost effective simulation
schemes for Wind Power Generation Systems (WPGS)
considering wind turbine types, generators and load
capacities have been strongly investigated by researchers. As
an alternative, a true weather conditions based simulation
using real time digital simulators (RTDS) is experimented in
this literature for the online real time simulation of the
WPGS [141].

179



INTERNATIONAL JOURNAL OF RENEWABLE ENERGY RESEARCH

Bindeshwar Singh ,Vol.2, No.2, 2012

3.6. Loadability of Wind Power System Viewpoint:

Reference [142], has been presented an approach for
enhancement of voltage stability of an interconnected power
system employing distributed generators (DG) along with
conventional generators. When the DG is from wind then
voltage instability in the system is of great concern. In this
paper a 28 bus test system is considered where the wind
penetration varies from 10% to 99% over the day. This
causes a large variation at different bus voltages violating the
grid code. A shunt FACT device such as SVC is used to
mitigate this problem at the buses connected to wind
generators. Thereafter, suitable locations for the SVC
placement are identified to enhance the voltage stability and
reduce system power loss. In [143], the wind power industry
has expanded greatly during the past few years, has served a
growing market, and has spawned the development of larger
wind turbines.

3.7. Voltage Security Viewpoint:

This literature presented a novel voltage stabilization and
power quality enhancement scheme using a PWM switched
modulated power filter compensator (MPFC), which is
controlled by a dynamic tri-loop (voltage, current and
dynamic power signals at the load bus).The error driven tri-
loop controller is used to stabilize a standalone wind driven
induction generator scheme. Full voltage stabilization and
power quality enhancement is validated under electric load
excursions [144].

3.8. Reduce Active power and Energy Losses Viewpoint:

The wind turbine is in several ways a unique power
generating system because power train components are
subject to highly irregular loading from turbulent wind
conditions. The number of fatigue cycles experienced by
major structural components can be far greater than that
found for other rotating machines [145]. A wind turbines
extreme conditions and high loads make coordination of
maintenance an interesting issue. How much maintenance is
needed? Are there any ways to minimize maintenance and
yet have wind turbines ready to harvest power? These wind
power plant issues are discussed today in research and
development, and in operations and maintenance. The
technical availability of wind turbines is high, around 98%,
and is not only due to good reliability or maintenance
management, but also due to fast and frequent service [146],
[147]. Manufacturers seldom reveal data about their products
and even more rarely share information about their failures,
which is quite understandable. Preventive and corrective
maintenance are performed as given in [148]. At the right
moment, preventive maintenance will save money for the
wind power plant owner. This is especially noticeable for
remote site wind power plants situated, for example,
offshore.

3.9. Dynamic Performance of Wind Power System
Viewpoint:
Application of FACTS controller called Static

Synchronous Compensator STATCOM to improve the
performance of power grid with Wind Farms is investigated
.The essential feature of the STATCOM is that it has the
ability to absorb or inject fastly the reactive power with
power grid. Therefore the voltage regulation of the power
grid with STATCOM FACTS device is achieved. Moreover
restoring the stability of the power system having wind farm
after occurring severe disturbance such as faults or wind
farm mechanical power variation is obtained with
STATCOM controller. The dynamic model of the power
system having wind farm controlled by proposed STATCOM
is developed. To validate the powerful of the STATCOM
FACTS controller, the studied power system is simulated and
subjected to different severe disturbances. The results prove
the effectiveness of the proposed STATCOM controller in
terms of fast damping the power system oscillations and
restoring the power system stability [149]. Flexible AC
transmission system a FACTS device such as Static
Synchronous Compensator STATCOM to improve the
stability in wind farm is studied [150].

3.10. Mitigations of Harmonics Parameters of Wind Power
Systems Viewpoints:

Wide-area coordinating control is becoming an
important issue and a challenging problem in the power
industry. This paper proposes a novel optimal wide-area
monitor and wide-area coordinating neuro-controller
(WACNC), based on wide-area measurements, for a power
system with power system stabilizers, a large wind farm, and
multiple FACTS devices. The wide-area monitor is a radial
basis function neural network (RBFNN) that identifies the
input-output dynamics of the nonlinear power system. Its
parameters are optimized through a particle swarm
optimization (PSO) based method. The WACNC is designed
by using the dual heuristic programming (DHP) method and
RBFNNSs. It operates at a global level to coordinate the
actions of local power system controllers. Each local
controller communicates with the WACNC, receives remote
control signals from the WACNC to enhance its dynamic
performance, and therefore helps improve system-wide
dynamic and transient performance [151]. Designing the
WACC needs knowledge of the entire power system
dynamics to be available to the designers. Due to the large-
scale, nonlinear, stochastic, and complex nature of power
systems, the traditional mathematical tools and control
techniques are not sufficient to design such a WACC. This
problem can be overcome by using neural networks (NNs)
and adaptive-critic-design (ACD) [152], [153] based
intelligent optimal nonlinear control techniques. However,
previous works on NNs and ACDs based controllers focused
on the local control of individual power system devices
[154]-[156]; no work has been reported on WACC for
different types of devices in a power system with renewable
energy generation. This literature proposed a novel optimal
WACNC for a power system with PSSs, a large wind farm,
and FACTS devices. First, an optimal wide-area monitor is
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designed by using a RBFNN [156] and PSO [157], to
identify the input-output dynamics of the nonlinear plant.
Based on this optimal wide-area monitor, the DHP method
[152], [153] and RBFNNs are then used to design the
WACNC. It uses wide-area measurements and operates at a
global level to coordinate the actions of the local
synchronous generator (with PSS), wind farm, and FACTS
controllers. Each local controller communicates with the
WACNC, and receives remote control signals from the
WACNC as external input(s), to help improve system-wide
dynamic and transient performance.

3.11. Reliability of Wind Power Systems Viewpoints:

Wind energy is a promising renewable energy source. In
particular in Europe the installed capacity is growing at a
considerable rate, approximately 20% annual growth rate for
the past five years [158]. As the installed wind energy
capacity grows, the considerations for the interaction
between the wind energy installations and the grid, attracts
more interest. Earlier, the most important consideration in
this respect was to ensure a disconnection of wind turbines
when there was a problem with the supplying voltage.
Today, the focus regarding the interaction between the
electric network and wind energy installation has been
shifted, since the loss of such a considerable part of the
power production (as wind energy constitute in some
regions) due to network disturbances cannot be accepted any
more [159]. Accordingly the important issue is to avoid a
disconnection of a wind energy installation during a network
disturbance. Moreover, it is of course also of great
importance to be familiar with how a wind energy
installation reacts to network disturbances. Induction
generator (IG) is widely used as wind generator due to its
simple, rugged and maintenance free construction. But as it
has some stability problem, it is necessary to investigate the
stability aspect of induction generator while connected to the
power grid [160]. The voltage recovery after the network
disturbance can be assisted by dynamic slip control and pitch
control in a wound rotor induction generator based WPP
[161]. Recently voltage-source or current-source inverters
based FACTS devices such as SVC, STATCOM, dynamic
voltage restorer (DVR), solid state transfer switch (SSTS)
and UPFC have been used for flexible power flow control,
secure loading and damping of power system oscillation
[162]. Some of those are used also to improve transient and
dynamic stability of wind power generation system. SVC is
reported to improve the terminal voltage of induction
generator by compensating the reactive power [163]. But
STATCOM has somewhat better performance compared to
SVC for reactive power compensation, which is reported
clearly in [164]. It is reported that STATCOM can recover
terminal voltage of wound rotor induction generator after the
fault clearance. But as only induction generator is connected
to the network, the Effect of STATCOM on the rest of the
system is not presented there clearly. There are three major
types of wind energy conversion systems (WECS) that are
used to transform the harnessed mechanical energy into the
electrical form [165]. The first system is the doubly fed
(wound rotor) induction generator (DFIG) which utilizes a
wound rotor machine. The DFIG allows variable speed

operation. The rotor winding is fed using a back-to-back
voltage source converter. The wind turbine rotor is coupled
to the generator through a gearbox. The DFIG receives the
required reactive power needed for excitation from the grid.
The inverter causes the generator shaft to be mechanically
decoupled from the grid, and thus this system contributes
negligible inertia to the grid [166]. The second system is the
direct drive permanent magnet synchronous generator
(PMSG), which also allows variable speed operation. The
synchronous generator can have a wound rotor or be excited
using permanent magnets. It is coupled to the grid via a back-
to-back voltage source converter or a diode rectifier and
voltage source converter. The synchronous generator is a low
speed multi-pole generator; therefore, no gearbox is needed.
That is why it is sometimes referred to as the direct drive
WECS. Similar to the DFIG, the direct drive is decoupled
from the grid through a power electronic interface, and hence
it contributes a negligible amount of inertia to the power
system [165]-[166]. The third system is the directly grid
coupled squirrel cage induction generator (SCIG), used in
constant speed wind turbines. This system is usually used in
rural areas as a standalone system. The wind turbine shaft is
coupled to the generator through a gearbox. When the system
is grid connected, the required reactive power is fed from the
grid. When this system is in a standalone situation, the
required reactive power is fed from a shunt capacitor
connected across the induction machine terminals, as
depicted in fig. 15.

Gear Box  mm  SCIG | Load

[l N 11T

Wind turbine Execitation capactior bank

Fig. 15. Wind driven stand-alone SCIG

With a high wind power penetration in the grid, it is
necessary that wind farms act in a more similar way to
traditional power plants. This concerns voltage and reactive
power control, frequency and active power control as well as
having the ability to remain connected even after a short term
voltage dip in the grid [167]. The latter is often referred to as
having a low voltage ride through (LVRT) capability. In fact,
special grid codes or grid regulations for wind power
generation have been introduced during the last years putting
strict requirement on the operation of the wind farms at PCC.
The ability of a single wind power generator to follow the
new grid requirements depends to a high extent on the
generation technology used. Especially, the conventional
technology with squirrel cage induction generator has
problems with LVRT capability without the installation of
additional reactive compensation. Today, still a significant
share of the wind power production is with squirrel cage
induction generators [168]. A wind farm grid based on
squirrel cage induction generators is illustrated in Fig. 16(a).
A large inductance can be found between the grid and the
generator itself in the form of two transformers. Local
capacitor banks supply most of the individual reactive power
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demand of the generators. The LVRT problem consists of the
following simplified sequence as illustrated in Fig. 16(b):

*  The generators are initially in normal operation with
balance between mechanical and electrical power.

«  The voltage drops due to a grid disturbance and the
wind farm experiences a low voltage period. Due to
the low voltage period, both the active and reactive
power output of the generators are reduced. The
generator starts to accelerate due to higher
mechanical than electrical torque.

* The grid disturbance is cleared after the generator
has reached a higher speed and slip. The high slip
leads to an increase in reactive power consumption,
reduced terminal voltage and reduced active power
production capability. As a result, the generator
continuous to accelerate and the system is unable to
recover.

n " wind lurines

vﬂ ]l"'r[_' oo

Grid Trans,

(a)

Mormal Low-voltage
Cperation Period

[ Tl
-

Unable to Recover

Grid
Voltage

Power
o

p— H

Reactive power, Qg - !- ___________

Generator
Speed

time
(b)

Figure 16. Illustration of problem with LVRT of induction
generator based wind farms. (a) Example of wind farm
configuration. (b) Sequence of events leading to voltage
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collapse. There are principally two ways of improving the
ability of the system to recover, either by reducing the
turbine acceleration during the low voltage period or
improving the deceleration after the low voltage period. Both
can be improved by applying voltage support. The use of
shunt compensation in the form of a STATCOM or SVC has
been discussed to improve LVRT capability [169]-[170]. A
major challenge is the required rating of the reactive
compensator. It is then interesting to investigate alternative
topologies in the form of series compensation, and see if the
rating requirements can be reduced.

References [171], the planned offshore wind farms in
Germany are basically located in North region. For wind
integration in Germany, establishing new transmission lines
and employing new technologies have become unavoidable.
Establishing new transmission lines is very costly and
difficult regarding environmental condition. One of the
solutions is the utilization of FACTS. This literature
discussed a method for determining the placement of series
compensation to control line overload in power systems with
wind power penetration. By a sensitivity based method
critical lines can be identified quickly and accurately, to
obtain desired wind feeding into the system. TCSC is applied
for system stabilization as a typical FACTS device. This
method is applied to realistic scenarios in a test system,
which simulates reduced 380 kV network of Germany.
Simulation results showed that the proposed method is
effective and can enhance the transfer capability margin of
existing power systems. Reference [172], the increasing
power demand has led to the growth of new technologies that
play an integral role in shaping the future energy market.
Keeping in view of the environmental constraints, grid-
connected wind turbines are promising increasing system
reliability. This literature presented the impact of FACTS
controllers on the long-term dynamic behavior of power
systems connected with wind farms based on doubly-fed
induction generator systems. Wind speed variations over a
period of 1200 s are monitored from the regional
meteorological website, and the voltage oscillations/real
power injections of the wind farm are observed with and
without FACTS devices. EUROSTAG is used for carrying
out time domain simulations

3.12.Operations of Flexibility of Wind Power Systems
Viewpoints:

In [173], used data collected at Central and South West
Services Fort Davis wind farm to develop a neural network
based prediction of power produced by each turbine. The
power generated by electric wind turbines changes rapidly
because of the continuous fluctuation of wind speed and
direction. Reference [174], the issue of wind farm capacity
is addressed through study of a simple but generic system.
Wind-farm size is defined in terms of its rating relative to
system fault level at the wind farm terminals. The voltage
rise for a wind farm whose capacity is 20% of system fault
rating is determined for various utility network reactance-to-
resistance ratios (X/R). There are a number of further options
which can extend the capacity limit. These depend on the
wind turbine generator (WTG) technology used. With fixed-
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speed WTGs, power factor correction (PFC) capacitance can
be tailored to maximise the connected capacity. One
suggested approach is to reduce the wind farm power factor
target from say unity to 0.98, reducing the local voltage and
hence enabling wind-farm expansion [175]. It is shown here
that a flexible approach by developer and utility can relax the
capacity constraint. The main problem is that there will be an
increase in losses. We show that the increase is small for
typical wind regimes, although it has been suggested that,
with suitable wind-farm control and over-compensation
under high demand/low wind conditions, the network losses
could actually be reduced [175]. If dynamic in addition to
steady-state voltage control is required, then the capacitance
banks could be replaced by SVC or a STATCOM [176],
although further improvement in wind farm capacity is not
offered. Many wind farms under development or being
planned use doubly-fed induction generators (DFIGs). These
WTGs provide, among other advantages, the potential for
reactive power adjustment within certain limits [177].
Consequently, continuous voltage regulation can be achieved
in response to dynamic disturbances arising from load
behaviour, network faults, etc. [178]. Here it is shown how
judicious use of this facility can enable the maximum
capacity to be deployed. We explore the capacity limit issue
by considering a generic problem: a wind-farm connected
through a distribution line with a range of X/R ratios. The
wind-farm rating is chosen to be 20% of the system fault
MVA. This is a ‘large’ wind farm, but by no means unheard
of [179]. We then set the X/R ratio to unity, which is typical
of rural 33kV networks in the UK. The impact of wind farm
size on voltage rise is examined by increasing the number of
WTGs operating at full load. The effect on capacity of
various power factor correction strategies is then examined.
The impact of each approach on losses is considered for a
typical wind regime. Reference [180], a large penetration of
wind generation info the power system will mean that poor
power quality and poor stability margins cannot be tolerated
from wind farms. This requires that methods to improve
power qualify and stability for such systems be found. The
static compensator (STATCOM) with hybrid battery energy
storage (BES) has great potential to fulfill this role, though
considerable advances in the control of this system are still to
be made. From an economic point of view, rating the
STATCOM for steady-state power-quality improvement duty
is appropriate. Rating the STATCOM to absorb large
amounts of additional power in excess of its transient
overload capability during network faults is inappropriate. A
hybrid of BES and braking resistor is therefore proposed. A
new hybrid STATCOM-BES control technique is developed
and discussed in the context of improving the stability and
power quality to fixed speed, induction generator, and wind
turbines. The variation of the network voltage, active and
reactive power with the fluctuation of the wind generation is
studied. A wind generation system with a STATCOM battery
energy storage unit and the new control was simulated and
the results demonstrate that both power quality and the
stability margin can be improved significantly for wind
farms. The STATCOM has been identified as the fastest
responding device that can assist in improving the power
quality and stability of the wind farms [181]-[186]. Previous
studies have been limited to reactive power control only.

With the addition of energy storage, for example a battery
energy storage (BES) unit, the STATCOM can provide more
benefits to the wind farm and the associated power systems.
Battery energy storage was chosen as an extremely well
proven storage technology with low losses [187]. Other
technologies, e.g. flywheels, are also suitable and when
lifetime and maintenance costs are included, may be
preferable. When power fluctuation occurs in the system, the
BES unit can be used to level the power fluctuation by
charging and discharging operation. Also, during a sag or
fault the BES unit can be used to boost the stability margin
by absorbing active power from the wind farm. Many
STATCOMs have a (limited) transient overload capability
and this can be used during sags or faults. In this paper, two
applications of the STATCOM BES are studied: power
quality and stability improvement of a wind turbine [185].
For stability improvement, a very large amount of energy
may need to be absorbed in a very short space of time. It is
not economic at present to rate the BES unit for the full value
of this transient. However, rating the storage unit for its
power-quality improvement duty and supplementing the BES
unit with an additional energy sink, for example a braking
resistor, gives a ‘better-value’ approach. In [188], the large
growth in the wind power industry in the past years mainly
focuses on a growing market and the development of large
turbines and offshore farms. The high technical availability
of wind turbines comes with a greater need for frequent
maintenance. Current maintenance planning is not optimized,
and it is possible to make maintenance more efficient.
Condition monitoring systems (CMS) could resolve the
growing wind power industry’s need for better maintenance
management and increased reliability. Such systems are
commonly used in other industries. CMS could continuously
monitor the performance of the wind turbine parts and could
help determine specific maintenance timing. Reference
[189], discussed that the capability of voltage-source
converters (VSCs) to control the real power output of wind
turbine generators (WTGs) can be applied to smooth power
fluctuations due to wind turbulence. The paper calls attention
to instability that can arise from: 1) the wind turbine itself
and 2) the doubly fed induction generator (DFIG). Reference
[190], a Pl-based control algorithm to govern the net reactive
power flowing between wind farms composed of doubly fed
induction generators (DFIG) and the grid is proposed in this
paper. The motivation underlying consists in demonstrating
that secondary voltage control strategies may take advantage
of such wind farms as if they were continuous reactive power
sources. For that purpose, the local control structure of
DFIGs is first described in some detail. The open-loop
behavior of a 33 660-kW DFIG wind farm regarding the net
power factor is then analyzed via simulation. Based on this
study, a net reactive power control algorithm is devised for
wind farms made up exclusively of DFIGs. Experimental
results obtained by testing it both local and remotely, over a
real wind farm located in Navarre—northern Spain—are also
provided. In particular, net reactive power set-points supplied
remotely to the wind farm are derived by an Optimal Power
Flow (OPF) algorithm running at the operation central office
of the utility company. In [191], described the use of voltage
source converter (VSC)-based HVDC transmission system
(VSC transmission) technology for connecting large doubly
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fed induction generator (DFIG)-based wind farms over long
distance. The operation principles of the proposed system are
described, and new control strategies for normal and grid
fault conditions are proposed. To obtain smooth operation,
the wind farm side VSC (WFVSC) is controlled as an
infinite voltage source that automatically absorbs power
generated by the wind farm and maintains a stable local ac
network. Fault ride through of the system during grid ac
faults is achieved by ensuring automatic power balancing
through frequency modulation using WFVSC and frequency
control using DFIG. PSCAD/EMTDC simulations are
presented to demonstrate robust performance during wind
speed and power variations and to validate the fault ride
through capability of the proposed system. In [192], the
impact of the response of a wind farm (WF) on the operation
of a nearby grid is investigated during network disturbances.
Only modern variable speed wind turbines are treated in this
work. The new E.ON Netz fault response code forWF is
taken as the base case for the study. The results found in this
literature are that the performance of the used Cigré 32-bus
test system during disturbances is improved when the WF is
complying with the E.ON code compared to the traditional
unity power factor operation. Further improvements are
found when the slope of the reactive current support line is
increased from the E.ON specified value. In addition, a larger
converter of a variable speed wind turbine is exploited that is
to be used in order to improve the stability of a nearby grid
by extending the reactive current support. By doing so, it is
shown in this paper that the voltage profile at PCC as well as
the transient stability of the grid are improved compared to
the original E.ON code, in addition to the improvements
already achieved by using the E.ON code in its original form.
Finally, regarding the utilization of a larger converter, it is
important to point out that the possible reactive power in-
feed into the PCC from an offshore WF decreases with
increasing cable length during network faults, making it
difficult to support the grid with extra reactive power during
disturbances. Installed wind power generation capacity is
continuously increasing. Wind power is the most quickly
growing electricity generation source with a 20% annual
growth rate for the past five years [193]. In the past,
requirements for wind turbines were focused mainly on
protection of the turbines themselves and did not consider the
effect on the power system operation since the penetration
level of wind energy was fairly low. As the integration level
of wind energy is increasing, concerns regarding the stability
of the already existing power system are becoming of utmost
importance and for a reliable and secure power system
operation, the loss of a considerable part of the wind
generators due to network disturbances cannot be accepted
anymore [194]. Technical regulations for wind farms (WF)
to be connected to a power system vary considerably from
country to country. The differences in requirements depend
on the wind power penetration level and on the robustness of
the power network besides local traditional practices [195].
Reference [195] suggests that costly and challenging
requirements should only be applied if they are technically
required for reliable and stable power system operation. The
FERC in the United States also suggests a system impact
study by the transmission provider before applying any
costly requirement like power factor requirement to WFs

[196]. Usually, fault ride-through (FRT) is now required by
system operators; see for example [197]-[200]. However, in
these grid codes, it is not specified explicitly how the FRT
process (active and reactive power during a network fault)
should be carried out. A newly updated grid code (updated
April 2006) where this is clearly specified is the E.ON. grid
code [201]. In this code, it is clearly presented how the
requirements on the reactive current support should be
fulfilled during network disturbances, and accordingly this
grid code has been used as reference object in this study. A
comment on the conclusion drawn in [195] is that today wind
turbines of variable speed type have become more common
than traditional fixed-speed turbines. The variable speed
wind turbines are either of the doubly fed induction generator
(DFIG) type or of the full power converter type [202]. In
particular, the full power converter type turbine already
contains the needed hardware set-up for making the turbine
to act asa STATCOM (with limited capability).

This means that a controlled response of WFs during
faults can be achieved with minor additional costs, and this
feature should accordingly be utilized if it leads to grid
stability improvements. It is therefore of great interest to
study the impact of the response of WFs during disturbances,
while complying with the grid codes, on the stability of the
nearby grid. Such an investigation can give insight into the
possibilities of achieving improved grid performance
supports from modern wind turbines while complying with
the grid codes. In Europe and around the world, many large
wind farms have been planned. Many of these new wind
farms will employ wind turbines based on DFIG, which offer
several advantages when compared with fixed speed
generators [203], [204]. These advantages, including speed
control, reduced flicker, and four quadrant active and
reactive power capabilities, are primarily achieved via
control of a rotor side converter, which is typically rated at
around 30% of the generator rating for a given rotor speed
variation range of 25%. Fig. 1 shows the schematic diagram
of a DFIG-based wind turbine. The connection of large wind
farms to the grid over distances of tens of kilometers creates
a number of technical, economical, and environmental
challenges for the developers and system operators [205],
[206]. Conventionally, ac connection has been used that
offers some advantages such as low cost, relatively simple
layout, the proven technology, etc. Yet for large wind farms
with a long transmission distance, there are some serious
disadvantages with ac connection technology:

» long ac cables produce large amounts of capacitive
current, which can significantly reduce the cable
transmission capacity and require large reactive
power compensation;

e ac connections result in synchronous operation
between the wind farm and the grid; therefore, faults
occurring on the grid will directly affect the wind
farm and vice versa.

Previous studies have identified the advantages of using
HVDC transmission system, based on either VSC (VSC
transmission) [207]-[211] or conventional line commutated
converter [211]-[213] for integrating large wind farms to the
grid. These advantages include:
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»  power flow is fully defined and controlled,;

« transmission distance using dc is not affected by
cable charging currents;

»  fewer cables required and lower cable power losses.

Compared to conventional line commutated HVDC
systems, the principal characteristics of VSC transmission
are [211] as follows.

« It needs no external voltage source for commutation.

e It can independently control the reactive power flow
at each ac network.

* Reactive power control is independent of active
power control.

These features make VSC transmission technology very
attractive for connecting weak ac systems, island networks,
and renewable sources into a main grid. However, VSC
transmission does have high power loss and high cost
compared to conventional HVDC system [214]. In [207] and
[208], an 8-MVA VSC transmission system was used to
connect a 6-MW wind farm to the grid. However, little
information was provided regarding the detailed system
design and configuration. VSC transmission systems were
also proposed in [209] and [210], for transmitting offshore
wind power to the grid. However, the system operations
considered are mainly under normal conditions, and little
attention was given to network disturbances. Furthermore,
the wind generators considered are either fixed speed [207]-
[209] or synchronous generators [210]. However, many large
wind farms under development will employ DFIG-based
wind turbines whose operation and response to network
disturbances are significantly different from other types of
generators. In [213], line commutated HVDC systems were
used to connect a large DFIG-based offshore wind farm into
the grid. Again the study was only conducted under normal
network conditions, and network fault was not considered. In
[211], the authors provided preliminary studies on the use of
both VSC and line commutated HVDC systems for the grid
connection of wind farms based on DFIG. For the VSC
system, the proposed control system during grid network
fault was entirely based on fast communications between the
VSC converter and the wind turbines. However, in practical
system design, this is difficult to achieve. Reference [215],
discussed the issue of the fault ride-through capability of a
wind farm of induction generators, which is connected to an
ac grid through an HVdc link based on VSCs. National grid
codes require that wind turbines should stay connected to the
power system during and after short circuit faults. In the
latest literature, when the technology of HVdc based on
VSCs is used to connect a wind farm to the power system,
the blocking of the VSCs valves for a predefined short time
interval is applied, in order to avoid the over currents and the
tripping of the wind turbines. This paper proposes a control
strategy that blocks the converters for a time interval which
depends on the severity of the fault and takes special actions
in order to alleviate the post-fault disturbances. In this way,
the over currents are limited, the wind turbines manage to
remain connected, and the ac voltage recovers quickly.
Recently, renewable wind energy is enjoying a rapid growth
globally to become an important green electricity source to
replace polluting and exhausting fossil fuel. However, with

wind being an uncontrollable resource and the nature of
distributed wind induction generators, integrating a large-
scale wind-farm into a power system poses challenges,
particularly in a weak power system. In the literature, the
impact of STATCOM to facilitate the integration of a large
wind farm (WF) into a weak power system is studied. First,
an actual weak power system with two nearby large WFs is
introduced. Based on the field SCADA data analysis, the
power quality issues are highlighted and a centralized
STATCOM is proposed to solve them, particularly the short-
term (seconds to minutes) voltage fluctuations. Second, a
model of the system, WF, and STATCOM for steady state
and dynamic impact study is presented, and the model is
validated by comparing with the actual field data. Using
simulated PV and QV curves, voltage control and stability
issues are analyzed, and the size and location of STATCOM
are assessed. Finally, a STATCOM control strategy for
voltage fluctuation suppression is presented and dynamic
simulations verify the performance of proposed STATCOM
and its control strategy [216]. However, with wind being a
geographically and climatically uncontrollable resource and
the nature of distributed wind induction generators, the
stability and power quality issues of integrating large wind
farm (WF) in grid may become pronounced, particularly into
a weak power system. Conventionally, the low-cost
mechanical switched cap (MSC) banks and transformer tap
changers (TCs) are used to address these issues related to
stability and power quality. However, although these devices
help improve the power factor of WF and steady-state
voltage regulation, the power quality issues, such as power
fluctuations, voltage fluctuations, and harmonics, cannot be
solved satisfactorily by them because these devices are not
fast enough [218]. Moreover, the frequent switching of MSC
and TC to deal with power quality issues may even cause
resonance and transient overvoltage, add additional stress on
wind turbine gearbox and shaft, make themselves and
turbines wear out quickly and, hence, increase the
maintenance and replacement cost [219]. Therefore, a fast
shunt VAR compensator is needed to address these issues
more effectively, as has been pointed out in many literatures
[217], [219]-[222]. The STATCOM s considered for this
application, because it provides many advantages, in
particular the fast response time (1-2 cycles) and superior
voltage support capability with its nature of voltage source
[223].With the recent innovations in high-power
semiconductor switch, converter topology, and digital
control technology, faster STATCOM (quarter cycle) with
low cost is emerging [224], which is promising to help
integrate wind energy into the grid to achieve a more cost-
effective and reliable renewable wind energy.

3.13. Operation of Wind Power Systems Viewpoints:

The development of wind power generation has rapidly
progressed over the last decade. With the advancement in
wind turbine technology, wind energy has become
competitive with other fuel-based resources. The fluctuation
of wind, however, makes it difficult to optimize the usage of
wind power. The current practice ignores wind generation
capacity in the unit commitment (UC), which discounts its
usable capacity and may cause operational issues when the
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installation of wind generation equipment increases. To
ensure system reliability, the forecasting uncertainty must be
considered in the incorporation of wind power capacity into
generation planning. This paper discusses the development
of an artificial-neural-network-based wind power forecaster
and the integration of wind forecast results into UC
scheduling considering forecasting uncertainty by the
probabilistic concept of confidence interval [225]. The
increasing penetration of wind turbine generators (WTGs)
into power systems can affect many network operational
aspects such as stability and power quality. The accurate,
validated representation of these generators and their
components for studying particular operational events, such
as cut-in and soft-starting, short-circuit faults and generator
switching, remains a challenge. Accurate simulation is
particularly important for investigating stability interactions
within weak grids or localised networks (e.g. micro-grids or
islanded networks). One of the events producing major
transient interaction between a WTG and a local grid is the
grid connection itself. A simulation model of the use of a
soft-starter during the grid connection of a wind turbine
equipped with a squirrel cage induction generator and
thyristor-based soft-start module is presented. This model
has been validated using experimental measurements taken
from a wind turbine generator in an operational wind farm
site. The analysis focuses on verifying the transients
produced during the short-time after the connection to the
local grid. Existing literature presents insufficient details
about this particular process as well as the practical
performance of the soft-starter [226]. Reference [227],
presented the grid requirements for the integration of wind
farms into the Spanish Transmission System. In the
particular case of voltage support capability, the Spanish
Transmission System Operator (TSO), Red Electrica de
Espana (REE) has defined a set of conditions to be met at the
point of common coupling of a wind farm, not at terminals of
a single wind turbine. A Verification, Validation, and
Certification Procedure (VV&CP) to check compliance at
terminals of a wind farm has been developed with the
contribution and common agreement of all different wind
power players and distribution system operators, leaded by
the Spanish Wind Energy Association and supervised by
REE. The VV&CP solves the problem defining a “Particular
Procedure” based on testing or a “General Procedure” based
on the simulation of the wind farm behavior. It is the scope
of Energy to Quality in this literature, to discuss and confirm
the VV&CP reliability and validity, supported by field
testing, validated models of wind turbines and simulation of
wind farms. In [228], suggested a novel approach based on
Weibull distribution to determine the capacity of wind
turbine generators (WTGs) using capacity factor (CF),
normalized average power (PN ), and the product of CF and
PN under different values of tower height and rated wind
speed. Five locations for installation of WTG in Taiwan are
practically examined. The proposed Weibull distribution is
employed to represent probability distribution of wind speed
variation, while the important relationships among mean
wind speed (MWS), standard deviation of wind speed, and
both scale and shape parameters of the Weibull distribution
are also derived. The cost of energy (COE) and capital costs
of WTG under different tower heights and various locations

are also determined. It can be concluded from the simulation
results of five installation locations of WTG in Taiwan that
suitable values for both shape parameter and scale
parameters of Weibull distribution as well as wind turbine
capacity are identically important for selecting locations of
installing WTG. With an increased [229] number of wind
turbine generators (WTGs) connected to an electricity
network the system operator may request that they participate
in frequency control in the event of a sudden unbalancing of
power generated and consumed on the system. In this paper
the frequency response capability of the full converter
variable speed wind turbine generator (FCWTG) with
permanent magnet synchronous generator (PMSG) is
investigated. A control scheme is developed that improves
the frequency control performance, illustrating the
importance of the initial active power output of the FCWTG.
The frequency response capability of the WTG with doubly-
fed induction machine (DFIG) has received significant
research attention. This is because the DFIG does not
automatically contribute an inertial response to frequency
events like a fixed-speed induction machine based WTG
does. In contrast to the DFIG, the frequency control of the
FCWTG does not receive published research attention in
proportion to its market share (approximately 20% [230]).
Some lieratures on DFIG frequency response [231]-[233]
have the power system frequency defined by a time series
input, and the frequency response of the DFIG is a reaction
to this change of frequency. This means that the DFIG
response is not contributing to the frequency dynamics, so no
improvement in frequency control can be observed.

In [234] the DFIG frequency response improves the
frequency control of the power system, but it uses active
power curtailment to keep some active power in reserve for a
frequency response. In [235] the DFIG frequency response
does contribute to the frequency control. However, it only
has an emulated inertial response. The improvement in DFIG
frequency control is still inferior to the fixed-speed WTG and
the conventional synchronous generator. The improvement in
frequency with augmented DFIG control is also presented in
[236]. One of the main characteristics of wind power is the
inherent variability and unpredictability of the generation
source, even in the short-term. To cope with this drawback,
hydro pumped storage units have been proposed in the
literature as a good complement to wind generation due to
their ability to manage positive and negative energy
imbalances over time. This paper investigates the combined
optimization of a wind farm and a pumped-storage facility
from the point of view of a generation company in a market
environment. The optimization model is formulated as a two-
stage stochastic programming problem with two random
parameters: market prices and wind generation. The optimal
bids for the day ahead spot market are the “here and now”
decisions while the optimal operation of the facilities are the
recourse variables [237]. High-quality profiles of mean and
turbulent statistics of the wind field upstream of a wind farm
can be produced using a scanning Doppler lidar. Careful
corrections for the spatial filtering of the wind field by the
lidar pulse produce turbulence estimates equivalent to point
sensors but with the added advantage of a larger sampling
volume to increase the statistical accuracy of the estimates.
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For a well-designed lidar system, this permits accurate
estimates of the key turbulent statistics over various sub
domains and with sufficiently short observation times to
monitor rapid changes in conditions [238]. In [239], the
emerging energy crisis resulting from a high price of crude
oil has drawn attention about renewable energy all over the
world. Thailand is a developing country located at the heart
of Southeast Asia, with about 66 million of population as of
2006. The electricity supply industry structure under the
government of Thailand has been managed by the Electricity
Generating Authority of Thailand, the Metropolitan
Electricity Authority, and the Provincial Electricity Authority
for almost 50 years. According to the 2004 Power
Development Plan, the country would have generation
reserve at a marginal of 15%. Due to the rapid economic
growth and difficulty in building new centralized generating
facilities, this has the potential to create a security issue of
electricity energy shortage and may develop a severe system
blackout. Renewable energy issues have been widely
discussed and debated over the country. Although solar
energy is the most prominent renewable energy source due to
the appropriate geographic of Thailand, it is still considered
as a low density energy source which requires a large area of
installation. Therefore, for the long-term investment, wind
power seems to be a good candidate because it is quick to
install, needs no fuel cost, and is environment friendly.
When the transient interaction between a large wind farm
and a power system is to be studied, there are two possible
approaches to wind farm modelling. It can be modelled as
one or more equivalent wind turbine generators (aggregate
modelling) or each wind turbine generator (WTG) can be
modelled separately (detailed modelling). When a power
system with many wind farms is to be simulated, the
aggregate approach becomes especially attractive. A
successful aggregate model will reduce the simulation time
without significantly compromising the accuracy of the
results in comparison to the detailed model. Here, the
aggregate modeling options for a wind farm with 5 MW full-
converter WTGs (FCWTGs) using permanent magnet
synchronous machines are presented. A braking resistor in
the DC circuit of the FCWTG’s converter system is
employed as a means of satisfying the latest grid code
requirements. It will be shown that with a braking resistor
implemented in the FCWTG there is scope for significant
model simplifications, which is particularly relevant for
transient stability studies of large-scale systems [240].
Reference [241], a novel interface neuro-controller (INC) is
proposed for the coordinated reactive power control between
a large wind farm equipped with doubly fed induction
generators (DFIGs) and a static synchronous compensator
(STATCOM). The heuristic dynamic programming (HDP)
technique and radial basis function neural networks
(RBFNNSs) are used to design this INC. It effectively reduces
the level of voltage sags as well as the over-currents in the
DFIG rotor circuit during grid faults, and therefore,
significantly enhances the fault ride-through capability of the
wind farm. The INC also acts as a coordinated external
damping controller for the wind farm and the STATCOM,
and therefore, improves power oscillation damping of the
system after grid faults. Because of the concern about the
environmental pollution and a possible energy crisis, there

has been a rapid increase in renewable energy sources
worldwide in the past decade. Among various renewable
energy sources, wind power is the most rapidly growing one.
Nowadays, the majority of wind turbines are equipped with
doubly fed induction generators (DFIGs). In the DFIG
concept, the wound-rotor induction generator is grid-
connected at the stator terminals, as well as at the rotor mains
via a partially rated variable frequency ac/dc/ac converter
(VFC), which only needs to handle a fraction (25%-30%) of
the total power to achieve full control of the generator. The
VFC consists of a rotor-side converter (RSC) and a grid-side
converter (GSC) connected back-to-back by a dc-link
capacitor. In order to meet power factor requirement (e.g.,
—0.95 to 0.95) at the connection point, most wind farms are
equipped with switched shunt capacitors for static reactive
compensation [242], [243].Moreover, because many wind
farms are connected to electrically weak power networks,
characterized by low short circuit ratios and under-voltage
conditions, dynamic power electronic devices such as a SVC
and a STATCOM have been increasingly used in wind farms
to provide rapid and smooth reactive compensation and
voltage control [244]. When connected to the grid and during
a grid fault, the voltage sags at the connection point of the
wind farm can cause a high current in the rotor circuit and
the converter. Since the power rating of the VFC converter is
only 25%-30% of the induction generator power rating, this
over-current can lead to the destruction of the converter.
Therefore, one of the key issues related to the wind farms
equipped with DFIGs is the grid fault or low voltage ride-
through capability. Much research effort has gone into this
issue and several techniques have been proposed. One
technique is blocking the RSC and short circuiting the rotor
circuit by a crow-bar circuit to protect the converter from
over current in the rotor circuit [242], [245], [246]. The wind
turbine generators (WTGs) continue their operation to
produce some active power, and the GSCs can be set to
control the reactive power and voltage. When the fault has
been cleared and when the voltage and the frequency in the
power network have been reestablished, the RSC restarts and
the WTG returns to normal operation. In this uninterrupted
operation feature, voltage stability is a crucial issue. In the
case of a weak power network and during a grid fault, the
GSC cannot provide sufficient reactive power and voltage
support due to its small power capacity, and there can be a
risk of voltage collapse. As a result, the RSC will not restart
and the WTG will be disconnected from the network. This
problem can be solved by using dynamic reactive
compensation. In [246], the authors investigated the
application of a STATCOM to help with the uninterrupted
operation of a wind farm equipped with DFIGs during grid
faults. However, the focus of [246] was to investigate the
DFIG behavior with the STATCOM for voltage support
during grid faults. In addition, the power network used in
[246] is a simple single machine infinite bus system, and
there is no coordination between the wind farm and the
STATCOM for reactive power control. The second solution
to enhance the grid-fault ride-through capability of the DFIG
wind turbines is to improve the control scheme of the RSC.
A nonlinear controller and a fuzzy controller have been
proposed in [247] and [248], respectively, for controlling the
RSC. Compared with the conventional linear control
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schemes, these control schemes reduce the over current in the
rotor circuit during grid faults. Shunt flexible alternating
current transmission system (FACTS) devices such as the
SVC and the STATCOM provide rapid and smooth reactive
compensation, and therefore, can reduce the level of voltage
sags during grid faults. The application of a STATCOM to
enhance the capability of a wind farm (equipped with
DFIGs) to ride through grid faults in a multi-machine power
system has been reported in [249]. However, the reactive
power control of the wind farm and the STATCOM in [249]
are independent without coordination; during grid faults, the
voltage control is only achieved by the STATCOM.
Reference [241] extends the work of [249] by proposing a
novel coordinated reactive power control scheme. It acts as
an interface controller between a wind farm and a
STATCOM. The heuristic dynamic programming (HDP)
[250], [251] method and radial basis function neural
networks (RBFNNs) [252] are employed to design this
nonlinear optimal adaptive interface neuro-controller (INC).

3.14. Control of Wind Power Systems Viewpoints:

In [253], addressed in regarding with the voltage
stability is a key issue to achieve the uninterrupted operation
of wind farms equipped with doubly fed induction generators
(DFIGS) during grid faults. The investigated the application
of a static synchronous compensator (STATCOM) to assist
with the uninterrupted operation of a wind turbine driving a
DFIG, which is connected to a power network, during grid,
faults. The control schemes of the DFIG rotor- and grid-side
converters and the STATCOM are suitably designed and
coordinated. The system is implemented in real-time on a
Real Time Digital Simulator. Results show that the
STATCOM improves the transient voltage stability and
therefore helps the wind turbine generator system to remain
in service during grid faults. The worldwide concern about
environmental pollution and a possible energy shortage has
led to increasing interest in technologies for the generation of
renewable electrical energy. Among various renewable
energy sources, wind power is the most rapidly growing one
in Europe and the United States. With the recent progress in
modern power electronics, the concept of a variable-speed
wind turbine (VSWT) equipped with a doubly fed induction
generator (DFIG) is receiving increasing attention because of
its advantages over other wind turbine generator concepts
[242], [254]-[256]. In the DFIG concept, the induction
generator is grid-connected at the stator terminals; the rotor
is connected to the utility grid via a partially rated variable
frequency ac/dc/ac converter (VFC), which only needs to
handle a fraction (25%-30%) of the total DFIG power to
achieve full control of the generator. The VFC consists of a
rotor-side converter (RSC) and a grid-side converter (GSC)
connected back-to-back by a dc-link capacitor. When
connected to the grid and during a grid fault, the RSC of the
DFIG may be blocked to protect it from over current in the
rotor circuit [242], [255], [256]. The wind turbine typically
trips shortly after the converter has blocked and
automatically reconnects to the power network after the fault
has cleared and the normal operation has been restored. In
[242], the author proposed an uninterrupted operation feature
of a DFIG wind turbine during grid faults. In this feature, the

RSC is blocked, and the rotor circuit is short-circuited
through a crowbar circuit (an external resistor); the DFIG
becomes a conventional induction generator and starts to
absorb reactive power. The wind turbine continues its
operation to produce some active power, and the GSC can be
set to control the reactive power and voltage at the grid
connection. The pitch angle controller might be activated to
prevent the wind turbine from fatal over speeding. When the
fault has cleared and when the voltage and the frequency in
the utility grid have been reestablished, the RSC will restart,
and the wind turbine will return to normal operation.
However, in the case of a weak power network and during a
grid fault, the GSC cannot provide sufficient reactive power
and voltage support due to its small power capacity, and
there can be a risk of voltage instability. As a result, utilities,
typically, immediately disconnect the wind turbines from the
grid to prevent such a contingency and reconnect them when
normal operation has been restored. Therefore, voltage
stability is the crucial issue in maintaining uninterrupted
operation of wind turbines equipped with DFIGs [242]. With
the rapid increase in penetration of wind power in power
systems, tripping of many wind turbines in a large wind farm
during grid faults may begin to influence the overall power
system stability. It has been reported recently [257] that
integration of wind farms into the East Danish power system
could cause severe voltage recovery problems following a
three-phase fault on that network. The problem of voltage
instability can be solved by using dynamic reactive
compensation. Shunt FACTS devices, such as the SVC and
the STATCOM, have been widely used to provide high-
performance steady state and transient voltage control at the
PCC. The application of an SVC or a STATCOM to a wind
farm equipped with fixed-speed wind turbines (FSWTSs) and
squirrel-cage induction generators (SCIGs) has been reported
in [258] and [259] for steady-state voltage regulation and in
[242] and [259] for short-term transient voltage stability.
However, compared with the FSWT with a SCIG, the
operation of the VSWT with a DIFG, particularly during grid
faults, is more complicated due to the use of power electronic
converters, and it has not yet been studied with the use of
dynamic  reactive compensation. Reference [253],
investigated the application of a STATCOM to help with the
uninterrupted operation of a VSWT equipped with a DFIG
during grid faults. The STATCOM is shunt connected at the
bus where the wind turbine is connected to the power
network to provide steady-state voltage regulation and
improve the short-term transient voltage stability. The DFIG
and STATCOM control schemes are suitably designed and
coordinated. The system is implemented in real-time on a
Real Time Digital Simulator (RTDS). Power systems with
high penetration of wind power usually require long-distance
transmission to export wind power to the market. Inter-area
oscillation is an issue faced in long-distance transmission.
Can wind generation based on doubly fed induction
generator (DFIG) help to damp oscillations and how? In this
paper, a control scheme is developed for the DFIG with
rotor-side converter to damp inter-area oscillations. The
DFIG is modeled in MATLAB toolbox/Simulink utilizing its
vector control scheme feature, and inner current control and
outer active/reactive power control loops are modeled and
designed. A two-area system that suffers from poor inter-area
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oscillation damping along with a wind farm in the area that
exports power is investigated. A damping controller is
designed and time-domain simulations are used to
demonstrate the effectiveness of the controller. The major
contributions of the paper are as follows: 1) built a wind farm
inter-area oscillation study system based on the classical two-
area four-machine system, 2) established that in vector
control scheme, active power modulation can best help to
damp oscillations, 3) successfully designed a feedback
controller using remote signals with good inter-area
oscillation observability [260]. In [261], presented a control
scheme based on a superconducting magnetic energy storage
(SMES) unit to achieve both power flow control and
damping enhancement of a novel hybrid wind and marine-
current farm (MCF) connected to a large power grid. The
performance of the studied wind farm (WF) is simulated by
an equivalent 80-MW induction generator (IG) while an
equivalent 60-MW IG is employed to simulate the
characteristics of the MCF. A damping controller for the
SMES unit is designed by using modal control theory to
contribute effective damping characteristics to the studied
combined WF and MCF under different operating
conditions. A frequency-domain approach based on a
linearized system model using eigen techniques and a time-
domain scheme based on a nonlinear system model subject to
disturbance conditions are both employed to validate the
effectiveness of the proposed control scheme. It can be
concluded from the simulated results that the proposed
SMES unit combined with the designed damping controller
is very effective to stabilize the studied combined WF and
MCF under various wind speeds. The inherent fluctuations of
the injected active power and reactive power of the WF and
MCEF to the power grid can also be effectively controlled by
the proposed control scheme. In [262], integrating a battery
energy storage system (BESS) with a large wind farm can
smooth out the intermittent power from the wind farm. This
paper focuses on development of a control strategy for
optimal use of the BESS for this purpose. In this literature
considers a conventional feedback-based control scheme
with revisions to incorporate the operating constraints of the
BESS, such as state of charge limits, charge/discharge rate,
and lifetime. The goal of the control is to have the BESS
provide as much smoothing as possible so that the wind farm
can be dispatched on an hourly basis based on the forecasted
wind conditions. In recent years, wind energy has shown a
rapid growth as a clean and inexhaustible energy source all
around the world [263], [264]. However, as the penetration
levels increase, it is of considerable concern that a fluctuating
power output of wind farms will affect operation of
interconnected grids [265], especially weak power systems.
Such cases may require somemeasures to smooth the output
fluctuation to have a reliable power system [266]. Recent
advances in electric energy storage technologies provide an
opportunity of using energy storage to address the wind
energy intermittency [267]. Electric energy can be stored
electromagnetically, electrochemically, kinetically, or as
potential energy. Two factors characterize the application of
an energy storage technology. One is the amount of energy
that can be stored in the device and the other is the rate at
which energy can be transferred into or out of the storage
device. These factors depend mainly on the characteristic of

the storage device itself [268]. A variety of storage
technologies are available, which are capable of smoothing
out the unpredictable fluctuating power output of the wind
farms. Some of these storage technologies are super
capacitors, superconducting magnetic energy storage,
flywheels, batteries, compressed air energy storage, and
hydro pumped storage. The basic issues with these storage
technologies consist of the cost of these technologies, and
operation and maintenance requirements [269]. Wind energy
has many benefits, but high penetration of wind power can
introduce technical challenges and issues, including grid
interconnection, power quality, reliability, protection,
generation dispatch, and control. Fig. 17 shows the typical
power output profile of a large wind farm (50MWcapacity).
The figure shows that the power output can have steep rises,
sudden drops during the day. Integrating such a highly
intermittent power resource into a power grid, especially into
a weak part of the grid can pose serious challenges [270].
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Fig. 17. Typical wind farm power output

Fig. 18 illustrates the use of BESS to compensate for the
intermittent power output of the wind farm. The BESS is
connected to the system at the point of common coupling and
is charged/discharged through a power converter to smooth
the net power injected to the system.
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Fig. 18.BESS integration at a wind farm.

The main challenges with wind farm integration and
energy storage can be listed as follows:

« Intermittency: The ability of a utility to change the
power output of a generating unit as the load
changes is the basis of economic dispatch [271]. For
a wind farm to be dispatchable like the other
conventional generation units, its output should be
regulated at a desired dispatchability level.

»  Ramp rates: Another issue with the large amount of
wind generation is the fast power ramps of the wind
farm output, both positive and negative [272]. These
ramps should be limited in order to integrate the
large amount of generation to the grid, minimize the
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high-cost ancillary service requirements, and reduce
the impact on system reliability [269].

* Limitingwind farm power output: Large-scalewind
power may cause congestion on the transmission
lines that carry wind power (for example, when a
large wind farm is integrated to a weak part of a
system [263]), and hence, the power output of the
wind farm may have to be curtailed to prevent
congestion [273].

Reference [274], investigated the reliability effects on a
composite generation and transmission system associated
with the addition of large-scale wind energy conversion
systems (WECS) using the state sampling Monte Carlo
simulation technique. Three types of composite system were
developed to represent the general conditions that exist in
practical systems and used to conduct the studies presented
in this paper. Load point and system indices for the three
types of test systems are presented to illustrate the impact of
adding wind farms in various system locations and the effect
of varying the degree of wind speed correlation. In [275], a
new interconnecting method has been discussed for a cluster
of wind turbine/generators is proposed, and some examples
of the basic characteristics of the integrated system are
shown. This method can be achieved with a wind turbine
generating system using a shaft generator system. A group of
wind turbine/generators can be interconnected easily with the
proposed method, and high reliability and electric output
power with high quality are also expected. Moreover, since
this method enables transmission of the generated power
through a long-distance dc transmission line, the optimum
site for wind turbines can be selected so as to acquire the
maximum wind energy.

3.15. Planning of Wind Power Systems Viewpoints:

In [276], has been presented a system using an energy
capacitor system (ECS) to smoothen the output power
fluctuation of a variable-speed wind farm. The variable-
speed wind turbine driving a permanent-magnet synchronous
generator is considered to be connected to the ac network
through a fully controlled frequency converter. The detailed
modeling and control strategy of the frequency converter as
well as variable-speed operation of a wind turbine generator
system are demonstrated. Afterward, a suitable and
economical topology of ECS composed of a current-
controlled voltage-source inverter, dc—dc buck/boost
converter, and an electric double layer capacitor (EDLC)
bank is presented, including their control strategies.
Exponential moving average is used to generate the real
input power reference of ECS. Another novel feature of this
paper is the incorporation of a fuzzy-logic-controlled
reference signal adjuster in the control of the dc—dc
buck/boost converter, in which the stored energy of the
EDLC bank is utilized in an efficient way. Due to this
controller, the energy storage capacity of the EDLC bank can
be reduced in size, thus resulting in reduction of the overall
cost of the ECS unit as well as decrease in irrepressible
operations during high and low energy levels of the EDLC
bank. Rising fuel costs, increased energy consumption, and
growing environmental concerns have led mankind to look

for alternate sources of energy apart from conventional fuels.
One of the promising renewable energy sources is wind
energy. For harnessing wind energy from a wind turbine or
wind farm, wind resource assessment (WRA) needs to be
carried out WRA will highlight which site is optimum (in
terms of economics and wind characteristics) for wind
turbine installation and how much would be the estimated
energy output from that particular site. This literature
presented the estimate for annual wind energy yield for the
Vadravadra site in Gau Island in Fiji. It also presents a
method for finding the optimum wind turbine that can be
installed at a site and the kind of wind turbine that should be
installed at a site, where cyclone may hit the area [277]. In
[278], an analytical approach has been presented for the
reliability modeling of large wind farms is presented. A
systematic method based on frequency and duration
approach is utilized to model a wind farm like a multistate
conventional unit, where the probability, frequency of
occurrence, and departure rate of each state can be obtained
using the regional wind regime of wind farm and wind
turbine characteristics. The proposed method is capable of
finding both annual frequency and average time of load
curtailment analytically in the presence of wind power. A
wind farm in the northern region of Iran with the wind speed
registration of one year is studied in this paper. To
accommodate time-varying patterns of wind speed, reliability
analysis considering seasonal patterns of wind speed is also
carried out. The results show that seasonal patterns
significantly affect the reliability indexes. A reliability
analysis is also performed using a load profile similar to that
of Iran power network. It will be shown that the coincidence
of high-load-demand and high-wind-speed periods makes the
North Iran wind farm projects highly attractive from a
reliability point of view.

3.16. Protection of Wind Power Systems Viewpoints:

Reference [279], has been discussed a new operational
strategy for a small scale wind farm which is composed of
both fixed and variable speed wind turbine generator systems
(WTGS). Fixed speed wind generators suffer greatly from
meeting the requirements of new wind farm grid code,
because they are largely dependent on reactive power.
Integration of flexible ac transmission systems (FACTS)
devices is a solution to overcome that problem, though it
definitely increases the overall cost. Therefore, in this paper,
we focuses on a new wind farm topology, where series or
parallel connected fixed speed WTGSs are installed with
variable speed wind turbine (VSWT) driven permanent
magnet synchronous generators (PMSG). VSWT-PMSG
uses a fully controlled frequency converter for grid
interfacing and it has abilities to control its reactive power as
well as to provide maximum power to the grid. Suitable
control strategy is developed in this paper for the multilevel
frequency converter of VSWT-PMSG. A real grid code
defined in the power system is considered to analyze the
LVRT characteristic of both fixed and variable speed
WTGSs. Moreover, dynamic performance of the system is
also evaluated using real wind speed data. Therefore, it is
important to investigate a suitable method to enhance the
LVRT capability of fixed speed wind generators. Voltage or
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current source inverter-based FACTS devices such as SVC,
STATCOM, dynamic voltage restorer (DVR), solid state
transfer switch (SSTS), and UPFC have been used for
flexible power flow control, secure loading, and damping of
power system oscillation [280]-[282]. FACTS/ESS, i.e.,
FACTS with energy storage system (ESS), has recently
emerged as more promising devices for power system
applications [283]. Some of those are even applicable to
wind farm stabilization. STATCOM, SVC, superconducting
magnetic energy storage system (SMES), and energy
capacitor system (ECS) composed of electric double layer
capacitor, and power electronic devices have already been
proposed to enhance the LVRT capability of fixed speed
wind farm [284]-[290]. However, the installation of FACTS
devices at a wind farm composed of fixed speed wind
generators increases the system overall cost. The problem of
establishing [291] maximum size of a wind farm (WF) when
it joins a WF cluster (WFC) is examined. It is shown that the
clustering effect can be quantified by detailed simulation of
system dynamics, using appropriate models for wind events,
wind facilities, and power system equipment. This literature
has been points out the inevitability of WFC formations and
draws attention to their operational impacts. A case study is
used to demonstrate how location and layout of a WF can
influence system dynamics, and thus, restrict the WF size.
Wind farm harmonic [292] emissions are a well-known
power quality problem, but little data based on actual wind
farm measurements are available in literature. In this paper,
harmonic emissions of an 18MWwind farm are investigated
using extensive measurements, and the deterministic and
stochastic characterization of wind farm harmonic currents is
analyzed. Specific issues addressed in the literature include
the harmonic variation with the wind farm operating point
and the random characteristics of their magnitude and phase
angle. Reference [293], discussed the effectiveness of
reactive power compensation using a multilevel, hexagram-
converter-based STATCOM with one-cycle control (OCC)
for a wind farm with fixed-speed turbines, and the interaction
with the power system network. Comparison is made with
several common types of multilevel voltage source
converters used for STATCOM applications. A new voltage
control method based on OCC principles for hexagram-based
STATCOMs is proposed and proven by a wind farm power
system simulation showing the improvement of voltage
variations caused by wind speed changes. The experimental
results from tests of a small-scale hexagram converter
prototype have verified the proposed converter and control
method. Wind turbine power generation is one of the fastest
growing renewable technologies. This recent development
started in the 1980s with wind turbines rated at a few tens of
kilowatts of power and has progressed to today’s mega watt
range wind turbines. Earlier wind power farms did not
significantly impact power grid operation and control, but
now they play an active part in the grid, since the wind
power penetration level has gone up considerably. As the
power range of wind turbine generator systems (WTGSS)
increases, control of active and reactive power, which
typically are the system frequency and voltage control
parameters, becomes more important. Wind turbines used
with fixed-speed induction generators (FSIGs) provide a
lower cost solution for wind power generation, but some

drawbacks exist, such as high starting currents and high
demand for reactive power. FSIGs absorb variable reactive
power that is one cause of voltage fluctuations at the points
where wind farms connect to distribution and transmission
lines. Wind farm voltage control is necessary to provide
satisfactory conditions for the operation of fixed-speed
WTGSs and to meet the integration requirements of the
hosting utility. One possible solution for voltage control at
the points where wind farms connect to distribution and
transmission lines is a reactive power flow on demand that
can be realized using a STATCOM. Recently, multilevel
STATCOMs have drawn great interest in the wind power
industry [294]-[297]. These converters synthesize a
sinusoidal voltage by stepping up and down several voltage
levels, using the converter’s dc-side capacitors. Synthesized
output voltage waveforms approach the sinusoidal wave with
minimum harmonic distortion, and accordingly, decrease the
losses in the coupling transformer. In [298], a power system
with high wind power penetration, reliability-based reserve
expansion is a major problem of system planning and
operation due to the uncertainty and fast fluctuation of wind
speeds. This paper studied the impact of high wind power
penetration on the system reserve and reliability from long-
term planning point of view utilizing universal generating
function (UGF) methods. The reliability models of wind
farms and conventional generators are represented as the
corresponding UGFs, and the special operators for these
UGFs are defined to evaluate the customer and the system
reliabilities. The effect of transmission network on customer
reliabilities is also considered in the system UGF. The power
output models of wind turbine generators in a wind farm
considering wind speed correlation and un-correlation are
developed, respectively. A reliability-based reserve
expansion method is proposed to determine the conventional
reserve required for power systems with high wind power
penetration. In [299], the variable output of a large wind farm
presents many integration challenges, especially at high
levels of penetration. The uncertainty in the output of a large
wind plant can be covered by using fast-acting dispatchable
sources, such as natural gas turbines or hydro generators.
However, using dispatchable sources on short notice to
smooth the variability of wind power can increase the cost of
large-scale wind power integration. To remedy this, the
inclusion of large-scale energy storage at the wind farm
output can be used to improve the predictability of wind
power and reduce the need for load following and regulation
hydro or fossil-fuel reserve generation.

3.17.Steady-State and Dynamic Stability by SVC and
STATCOM in Wind Power Systems Viewpoints:

Reference [300], has been discussed a control scheme
based on a static synchronous compensator (STATCOM) to
achieve both voltage control and damping enhancement of a
grid-connected integrated 80-MW offshore wind farm
(OWF) and 40-MW marine- current farm (MCF). The
performance of the studied OWF is simulated by an
equivalent doubly-fed induction generator (DFIG) driven by
an equivalent wind turbine (WT) while an equivalent
squirrel-cage rotor induction generator (SCIG) driven by an
equivalent marine-current turbine (MCT) is employed to
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simulate the characteristics of the MCF. A damping
controller of the STATCOM is designed by using modal
control theory to contribute effective damping characteristics
to the studied system under different operating conditions. A
frequency-domain approach based on a linearized system
model using eigenvalue techniques and a time-domain
scheme based on a nonlinear system model subject to various
disturbances are both employed to simulate the effectiveness
of the proposed control scheme. It can be concluded from the
simulated results that the proposed STATCOM joined with
the designed damping controller is very effective to stabilize
the studied system under disturbance conditions. Both wind
energy and ocean energy have been integrated together in the
U.K. [301]-[303]. Ocean energy may include thermal
energy, wave energy, offshore wind energy, tidal energy,
ocean current energy, etc. Generators driven by marine-
current turbine (MCT) combined with offshore generators
driven by wind turbine (WT) will become a novel scheme for
energy production in the future. Since oceans cover more
than 70% surface of the earth, a hybrid power generation
system containing both offshore wind farm (OWF) and
marine-current farm (MCF) can be extensively developed at
the specific locations of the world in the future. One of the
simple methods of running an OWF is to connect the output
terminals of several DFIGs together and then connect to a
power grid through an offshore step-up transformer and
undersea cables. To run an MCF may use several squirrel-
cage induction generators (SCIGs) connected directly to the
power grid through an offshore step-up transformer and
undersea cables. Both WTs and MCTs have very similar
operating characteristics but an SCIG-based MCF requires
reactive power for magnetization while a DFIG-based OWF
with two bi-directional power converters can control its
output power factor to be close to unity. When the generated
active power ofan SCIG-based MCF is varied due to marine-
current fluctuations, the absorbed reactive power and the
terminal voltage of the MCF can be significantly affected. In
the event of increasing grid disturbances, e.g., grid faults, an
energy storage system or a control device for a large-scale
high-capacity power generation system is generally required
to compensate fluctuating components when connecting to a
power grid. A large-scale OWF may combine with different
FACTS devices or energy-storage systems such as a
STATCOM [304], [305], etc. The analyzed results of
stability improvement of power systems using STATCOMs
and the damping controller design of STATCOMSs were
presented in [306]. The design of an output feedback linear
quadratic controller for a STATCOM and a variable-blade
pitch of a wind energy conversion system to perform both
voltage control and mechanical power control under grid-
connection or islanding conditions were shown in [307].
System modeling and controller design for fast load voltage
regulation and mitigation of voltage flicker using a
STATCOM were demonstrated in [308]. A new D-
STATCOM control algorithm enabling separate control of
positive- and negative-sequence currents was proposed, and
the algorithm was based on the developed mathematical
model in the coordinates for a D-STATCOM operating under
unbalanced conditions [309]. An in-depth investigation of
the dynamic performance of a STATCOM and a static
synchronous series compensator (SSSC) using digital

simulations was performed in [310]. The results of a study on
the application of the recently developed STATCOM for the
damping of torsional oscillations occurred in a series
compensated AC system were studied while dynamic
performance of the nonlinear system with an optimized
STATCOM controller was evaluated under a three-phase
fault condition [311]. Discussion and comparison of different
control techniques such as PSS, static VAR compensator
(SVC) and STATCOM for damping undesirable interarea
oscillations in power systems were carried out in [312]. The
conventional method of Pl control for a STATCOM was
compared and contrasted with various feedback control
strategies, and a linear optimal control based on LQR control
was shown to be superior in terms of response profile and
control effort required [313]. A STATCOM based on a
current source inverter (CSI) was proposed, and the
nonlinear model of the CSI was modified to be a linear
model through a novel modeling technique [314]. The
integrated STATCOM/BESS was introduced for the
improvement of dynamic and transient stability and
transmission capability. The performance of the different
FACTS/BESS combinations was compared and provided
experimental verification of the proposed controls on a
scaled STATCOM/BESS system [315]. A dynamic voltage
control scheme based on a combination of SVC and
STATCOM technology on a connected transmission system
with 1Gs in a wind farm was discussed [316]. Reference
[317], has been discussed the design of an offshore wind
farm using a dc offshore grid based on resonant dc-dc
converters. Multiphase resonant dc-dc converters are studied
to step up the dc voltage from individual wind generators to a
Medium Voltage (MV) dc bus and from the MV bus to an
HVDC line that will connect the wind farm to shore.
Compared to an equivalent ac grid based wind farm, a dc
grid-based wind farm has slightly higher losses, but the
weight of the magnetic components and cables is
substantially lower. The analysis of operating permanent-
magnet synchronous generators at variable and constant dc
voltages shows that a fixed dc voltage has marginally higher
efficiency than a variable dc voltage. However, using a
variable dc voltage gives lower harmonics at the generator
facing the voltage-source converter and the dc-dc step-up
converter. An aggregated model of multiple parallel
connected wind generators is developed and shown to
accurately approximate a detailed PSCAD model during
varying wind conditions and transients. In [318], has been
introduced a new technique for the distributed voltage and
frequency control of the local ac-grid in offshore wind farms
based on synchronous generators. The proposed control
technique allows the connection of the offshore wind farm
using a diode based HVDC rectifier. The use of microgrid
control techniques allowed the system comprising the wind
farm and the diode HVdc rectifier to be operated in current
or voltage control mode. Fault response to on-shore voltage
sags of up to80%has been shown to be comparable to that of
thyristor rectifiers. The proposed control technique has been
shown to be robust against load changes in islanded
operation, capacitor bank switching, diode-rectifier ac
breaker tripping and wind turbine power limitation due to
slow wind speeds. PSCAD simulations are used to prove the
technical feasibility of the proposed control techniques both
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in steady state and during transients. Several alternatives
have been proposed for the voltage and frequency control of
offshore ac grids using wind turbines based on doubly fed
induction generators [319], [320]. Some techniques make use
of an offshore STATCOM for this purpose [321]. The
aforementioned techniques rely on the rectifier firing angle to
control directly or indirectly the offshore grid voltage and
frequency. Therefore, these techniques are not applicable to
diode-based HVdc rectifiers.

3.18. Low-Voltage-Ride-Through (LVRT) Capability in Wind
Power Systems Viewpoints:

In [322], Penghu, Taiwan, has the potential to be one of
the most valuable sources of wind energy in the world. A 59-
km submarine cable that connects Taiwan to Penghu Island
is currently in the planning phase, and a large-scale offshore
wind farm around Penghu will be developed. This will be the
first offshore wind farm to be planned in Taiwan and will
have a significant role in the development of renewable
energy in this country. In the initial planning phase, various
transient impact analyses must be performed. LVRT
capability is one of the most critical items to be analyzed.
The main target of this literature is to investigate the effect of
LVRT technologies on the first Taiwan offshore wind farm
planning. It begins by investigating the development of
LVRT technologies, and then discusses the effect of grid
strength on the preferred LVRT installation. The critical
range of faults that can disconnect the wind farm from the
grid with and without LVRT has been studied. Finally, the
effect of LVRT characteristics on the transient stability of the
power system in Taiwan is evaluated and the strategy of
replacing the LVRT installations with reactive power
compensation elements is proposed. In the early days of
wind power generation, its penetration was low, and the
sudden disconnection of a wind farm from the grid did not
have a significant impact on the stability of the power
system. As the amount of generated wind energy has
increased to the point where wind farms generate hundreds
of megawatts, their impact on the grid can no longer be
ignored. Many utilities now require that wind turbines
operate similarly to conventional generators. Therefore, new
codes for connecting wind generators to the grid have been
established in many countries. They cover such topics as
LVRT capability, active power and frequency control,
reactive power control, and voltage regulation [323].
Meeting LVRT requirement is particularly important in
maintaining voltage stability, especially when wind
generation is highly concentrated in one or a few locations.
LVRT implies that wind generators must remain connected
during most grid disturbances, including severe voltage
drops. It was originally proposed by E.ON grid operator in
Germany. Many utilities are imposing similar requirements.
The implementation of LVRT requires different
modifications to the system design, which translates to an
increased cost in the wind power systems. Accordingly,
effective and economic strategies for meeting LVRT
requirement are required. Doubly fed induction generator
(DFIG) wind turbines are the most widely used, especially in
large wind farms. When DFIG systems are used, the main
concern is to protect the rotor converter, and maintain the dc

bus voltage within an acceptable range. When the stator is
directly connected to the grid, the transients that occur in the
stator will be reflected in the rotor. Different solutions for
protecting the converter have been proposed. During faults,
power electronic devices are particularly important because
they are sensitive to high fault currents and transient over-
voltages on the dc bus [324]. Therefore, the implementation
of LVRT in the DFIG is more complicated than in direct-
drive wind turbines. Additionally, a different wind turbine
type has different LVRT technology and capability.
Importantly, the LVRT installations should be determined by
the system conditions. For example, several offshore wind
farms are geographically remote and have relatively weak
transmission systems.  Power system stability analyses,
covering voltage, frequency, and rotor angle stability, are
important to the successful operation of a power system and,
therefore, must be performed very carefully before a large
offshore wind farm is connected to the grid. Furthermore,
strategies for improving dynamic and transient stability
should be considered [325]. In this study, a model of the
actual Taiwan power system in 2014 was established in
PSS/E, and a base load flow and a fault current network were
established. Dynamic simulations were performed to
investigate the voltage, frequency, and rotor angle profiles
when faults were applied in this wind power integrated
system. In the past, wind generators were regarded as
devices for distributed generation and thus were made to trip
following even minor disturbances. However, as the
penetration of wind power penetration increases, their impact
on the grid can no longer be ignored. Today, wind turbines
are required to operate like conventional generators in many
utilities; consequently, many new grid codes for wind
generators have been established [326], governing their
LVRT capability, reactive power capability, and real power
control. Of these requirements, LVRT capability represents
the greatest challenge to wind turbine manufacturers. LVRT
requires that wind generators must remain connected to the
grid and stable during most grid faults, so that they
contribute to the grid stability. For example, according to the
U.S. wind farm grid code, if the voltage of a wind farm
remains above 15% of the nominal voltage for a period that
does not exceed 0.625 s, the plant must stay online [327]. To
enhance the LVRT capability of wind farms, several
approaches have been proposed. They can be divided into
three categories: improvement of the control of the power
converter, installation of additional hardware, and
determination of the optimal PCC. Several novel rotor flux
control algorithms, such as the robust controller algorithm,
have been proposed [328]. These methods are usually
activated promptly to allow the rotor-side converter
sufficient time to oppose the fault-related current
components that are induced by the stator flux. They require
no additional hardware, but only a change in the control
algorithm during the fault. However, under severe faults that
reduce terminal voltage, the flux control method is of limited
use. Some researchers [329] have indicated that a pitch
controller can be used to increase the transient stability of
wind generators. The limitation on the rate-of-change of
pitch control is important during grid faults because it
governs the rate at which the aerodynamic power can be
reduced to prevent over-speeding. However, the mechanical
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response is slow because of the time delay of the pitch
controller system, and so its ability to enhance transient
LVRT is quite limited. A commonly used solution for
satisfying the LVRT requirement by the additional hardware
installation method involves the use of an active crowbar
circuit [330], which provides a low-impedance path for the
rotor current during the fault. This method is relatively
simple and cost-effective. However, upon activation of the
crowbar, control over the machine is lost, and the DFIG
behaves as a squirrel cage induction machine; therefore, the
issue of reactive power consumption during grid faults must
be addressed. Another method that involves the installation
of hardware is to insert an energy storage system (ESS)
[331], such as batteries or super capacitors, at the dc bus
inside the rotor-side converter, where the energy produced
during the fault is momentarily stored and is later exported to
the grid following fault clearing. The ESS can also be
applied under steady-state conditions to attenuate power
fluctuation caused by wind variations. However, larger ESS
systems require more space; accordingly, a dc chopper can
be added inside the dc-link [332]. This dc chopper dissipates
the excess power through its resistor and maintains the dc-
bus voltage in a safe range during the critical period. In
addition to the rotor resistance control method, reactive
power compensators, such as FACTS devices can also be
utilized to enhance reactive power supply and improve the
LVRT characteristic of a wind generator [333]. However, the
usage of FACTS devices clearly increases the cost of wind
power integration. Notably, the LVRT characteristic can
change the cost of wind generators, so the LVRT capability
must be carefully designed based on the penetration of wind
power and network characteristic. The most widely used type
of generator for units above 1MW is the doubly fed
induction machine. The application of the partial- scale
converter to the rotor of the generator makes DFIG wind
turbines attractive economically. However, this converter
arrangement requires an advanced protection system [334],
as it is more sensitive to disturbances on the grid than is a
full power converter. In [335], with the increasing
penetration of wind power into electric power grids, energy
storage devices will be required to dynamically match the
intermittency of wind energy. This paper proposes a novel
two-layer constant power control scheme for a wind farm
equipped with doubly fed induction generator (DFIG) wind
turbines. Each DFIG wind turbine is equipped with a super-
capacitor energy storage system (ESS) and is controlled by
the low-layer wind turbine generator (WTG) controllers and
coordinated by a high-layer wind farm supervisory controller
(WFSC). To enable WTGs to effectively participate in
frequency and active power regulation, unit commitment,
economic dispatch, and electricity market operation, energy
storage devices will be required to dynamically match the
intermittency of wind energy. In [336], the authors
investigated and compared different feasible electric energy
storage technologies for intermittent renewable energy
generation, such as wind power. Currently, pumped water
and compressed air are the most commonly used energy
storage technologies for power grids due to their low capital
costs [337]. However, these two technologies are heavily
dependent on geographical location with relatively low
round-trip efficiency. Compared with their peers, batteries

and super-capacitors are more efficient, have a quicker
response to demand variations, and are easy to develop and
ubiquitously deployable. Compared to batteries, super-
capacitors have a higher power density, higher round-trip
efficiency, longer cycle life, and lower capital cost per cycle
[338]. Therefore, super-capacitors are a good candidate for
short-term (i.e., seconds to minutes) energy storage that
enables WTGs to provide the function of frequency
regulation and effectively participate in unit commitment and
electricity market operation. The use of super-capacitors
[338] or batteries [339]-[341] as energy storage devices for
WTGs has been studied by some researchers. However, these
studies only focused on control and operation of individual
WTGs and did not investigate the issues of WTGs to
participate in grid regulation. Reference [342], has been
discussed the effects of installing variable current-limit
reactors (CLRs) and adjusting load tap changers (LTCs) on
the performance of a commercial wind farm in Taiwan using
computer simulations. The companion paper (Part 1)
demonstrates the field-measured results, simulation model,
and simulation results of the studied Jang-Bin wind farm
with 23 2-MW doubly fed induction generator-type wind
turbine generators connected to the utility system through a
23/161-kV 60-MVA step-up main transformer (MT) from six
feeders. Six CLRs, which were originally designed to limit
short-circuit currents under faulted conditions, are connected
in series with the six feeders. The LTCs of the MT are used
to adjust/regulate the secondary-side voltage at the 23-kV
bus. Some simulated steady-state and transient results of the
studied wind farm with variable values of the proposed CLRs
and LTCs are analyzed and compared. In [343], a control
scheme for wind farms based on synchronous generators
connected to a single power converter is presented. The
scheme is applicable to HVDC interfaced offshore or remote
wind farms. The proposed control scheme is based on
computing the optimal wind farm electrical frequency
depending on the different incoming wind speeds. The power
converter regulates the system frequency by adjusting the
power injected to the HVDC circuit. Fault ride-through is
also possible by reducing rapidly the injected active power.
The proposed scheme is validated by means of simulations
with a wind farm composed of four wind turbines. Onshore
wind farms are nowadays capable of not only generating
power but also providing support to the grid where they are
connected providing ancillary services [344] or contributing
to power system stability [345] while riding through faults in
the grid [346], [347]. Onshore wind farms can actually be
considered as wind power plants as they can be operated as
conventional power plants [348].

3.19. Others Parameters of Wind Power Systems Viewpoints:

Remote and offshore wind farms need HVDC or HVAC
lines to interface them to the main grid [349]. Above a
certain critical distance, HVDC technology stands as the
appropriate solution, which can be based on line commutated
converters HVDC-LCC [350]-[352] or voltage source
converters HVDC-VSC [353]-[355]. In both cases, HVDC
systems require a power converter at the connection point of
the wind farms, allowing a centralized control for the whole
wind farm. Some offshore wind farms employ only this
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central power converter with squirrel cage induction
generators [356] or synchronous generators [357], [358],
while others combine a central power converter with
individual converters and doubly fed induction generators
[355] in each wind turbine. Jovcic [357], [358] proposed a
variable frequency wind farm grid to maximize power
generation, based on the approach of [359], which is well
demonstrated for a single wind turbine: applying a power

* 3 .
reference P =K@’ or the equivalent torque reference

T" = Ka® [360], [361] with the appropriate constant, the
wind turbine generation is maximized. This approach is
broadly used for maximum power point tracking of a single
wind turbine controlled by a dedicated power converter.
However, the performance of this approach is not
demonstrated for a wind farm with multiple wind turbines
and a single power converter, when the different wind
turbines are generating at different wind speeds. Offshore
wind farms connected by means of HVDC have to reduce
power rapidly when faults onshore occur in order to prevent
over-voltages in HVDC circuits. Moreover, this has to be
done without using fast communication systems to assure
system reliability. Several solutions have been proposed
recently [362], [363], including the use of braking resistors to
dissipate the power, wind farm frequency increase to reduce
power generation letting the wind turbines accelerate, wind
farm voltage reduction or directly reducing the power in the
converter. The present work presents a control scheme for
wind farms (or clusters or wind turbines inside a wind farm)
with wind turbines based on synchronous generators
connected to a single HVDC-VSC converter. The
configuration can be used for HVDC connections (with an
already existing HVYDC-VSC converter) and also with full
power back-to-back power converters. The main advantage
of the proposed configuration is that no power converters are
required in the individual wind turbines and therefore cost is
reduced and reliability is increased. The drawbacks include
the lost of part of the wind energy when wind speeds are
different (discussed in Section II), the need for auxiliary
power converters to supply auxiliary equipment in the wind
turbines and the more reduced control capability over the
wind turbine mechanical system, compared to the use of
individual power converters. Since wind generation is one of
the most mature renewable energy technologies, it will have
the greatest share of future renewable energy portfolio. Due
to the special characteristics of the wind generation, it
requires extensive research to explore the best choice for
wind power integration. In light of the practical project
experience, this paper explores the feasibility of using Hvdc
transmission technology, particularly multi terminal HVdc
(MTDC), as one of the preferable solutions to solve the grid
interconnection issue of wind generation. This paper mainly
focuses on the application of the hybrid MTDC to integrate
wind farms into the electric power grid. A five-terminal
hybrid MTDC model system including a large capacity wind
farm is set up in PSCAD/EMTDC, in which the
corresponding control strategy is designed [364].

Currently, there are two different HVdc technologies
available, i.e., the current-source converter (CSC)-based
HVdc technology using thyristor and the voltage-source

converter (VSC)-based HVdc technology using gate turn-off
thyristor (GTO). A VSC possesses the advantages of
controlling active and reactive power flow independently,
operating as a static synchronous compensator (STATCOM)
to dynamically compensate ac-bus voltage without using the
ac harmonic filter [365], [366]. These features make VSC
attractive for connection with wind farms. However, the
power level and switching losses linked with the high-
frequency pulsewidth modulation (PWM) operation of the
VSC are serious and challenging issues that need to be dealt
with in VSC-based high-power applications. On the other
hand, the classical CSC-HVdc has been used for decades for
bulk power transmission and proven to be superior to VSC-
HVdc in terms of operating cost and stability [367]. For a
strong ac system, the CSC may be a preferable option.
Therefore, a hybrid MTDC system could be established by
combining the advantages of both the VSC and the CSC.
MTDC system can be evolved from the two-terminal system,
so can the control strategy. The typical CSC operating modes
include the dc voltage control, the dc current control,
extinction angle control, firing angle control, and so on
[368]. Depending on the control target, the control modes of
the VSC include constant dc voltage and constant dc current
control on the dc side and constant ac voltage and reactive
power control on the ac side [369]. As far as MTDC is
concerned, the transition and set point of each control mode
is tightly coordinated between converters involved. It can be
concluded that voltage droop mode and master—local control
mode are primarily intended for MTDC system [370], [371].
The former indicates that the output voltage falls with the
increase of the output current to guarantee the stable
operation of MTDC. The latter means that one converter is
assigned to control the dc voltage, while the remaining ones
adopt the dc current or the dc power control. In light of the
fact that the voltage droop mode is lack close-loop control
and the current assignation characteristic is worse, therefore,
in this paper, a similar control strategy to the master—local
control scheme is implemented on a hybrid- MTDC system
including a large-scale wind farm. The power reversal of a
hybrid MTDC can be only performed with reconnections of
dc terminals owing to the distinct requirement of VSC and
CSC for power flow reversal [372], i.e., the power reversal of
CSC deals with the dc voltage polarity reversing, while the
direction of the current keeps unchanged. For VSC, in
contrast, the dc voltage polarity remains the same, while the
current direction alters. It seems to be a major limitation to
the application of hybrid MTDC. However, as for wind
power integration, wind farms are usually located at the
remote areas which are far away from the load centers. The
power flow always keeps unidirectional from wind farms to
loads. The hybrid MTDC is well suited for this type of
application. Many studies have explored the hybrid two-
terminal or multi terminal technology or the wind power
generation technology. However, very few papers have
focused on the issue of combination hybrid MTDC with
wind power integration. In [373], a two-terminal hybrid
HVdc topology was presented. The sending end adopted a
line-commutated converter (LCC) with a STATCOM to
regulate the active power produced by doubly fed induction
generator (DFIG) wind farms, while the receiving end was
equipped with a current source inverter to feed the active
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power into the main ac grid. This configuration required
additional STATCOM to provide stator voltage support for
DFIG due to the LCC that was assigned to function as a
rectifier. Reference [374] proposed a hybrid MTDC to
transfer wind power into the ac grid. A CSC was utilized to
send the wind power aggregated by multiple VSCs to the ac
side. Nevertheless, the study was constrained to the system
performance under the normal operation condition without
considering fault scenarios. Reference [375], the prospective
inrush currents during the energization of wind turbine
transformers in a large offshore wind farm during islanded
operation were estimated by time-domain simulations
covering different energizing scenarios. In this way, worst
case procedures could be identified. The energization of the
farm was carried out by an auxiliary diesel-driven
synchronous generator placed on the offshore platform. The
available information from all of the components and
excitation control was implemented in PSCAD-EMTDC. In
[376], the problem of accurately forecasting wind energy has
garnered a great deal of attention in recent years. There are
always some errors associated with any forecasting
methodology. In [377], has been presented two RX models
of a wind-driven wound-rotor induction generator (WRIG)
with dynamic slip control for load-flow calculations of a
large-scale wind farm connected to a distribution system. In
[378], the west coast and islands of Taiwan have abundant
wind resource, which offers a great opportunity for large-
scale offshore wind power generation.

4. Summary of The Paper

The following tables give summary of the paper as:

Table 1. Comparison of Services Performed By Different
FACTS Devices

FACTS

Service

STATCOM
STATCOM+ES

Reactive power

generation/absorption
Active Fer
generation/absorption

Voltage control

Voltage stability
improvement
Power flow control

Power oscillation

damping
S5R mitigation

Phase jump reduction

Rotor angle stability
improvement
Flicker mitigation

Harmonics reduction

Inertia emulation

Curtailment

Primary, secondary,
tertialy reserve
e —
Fregquency stability
improvement
Legend-
Performance | Excellent
Indicator

Good Limited | Dependent

Table 1 show that the comparisons of services performed
by different FACTS controllers such as SVC, STATCOM,
TCSC, SSSC, TCPAR, UPFC etc. in wind power farms.

Table 2. Covered Studies of Facts Applicability to WPP
Challenges

FACTS -
= f w
HEE HEHEPHEE
== o f
WPP challenge =

Voltage stability LSCIC
LDEIC

F5C

Q etrl. coord. DEIC
TPP+FACTS Fﬁ
Inertia Fate
Lo

L F5C
Primary Fate
frequency control [DEIG
E5C

P ctrl. coord. SCIG
WPP+FACTS :

[SSR mitigation

Power oscillation
damping

FTR

Flicker
mitigation

5 -
Harmonics

Short circuit
current contrib.

SRR EEREERELREEREERE

Generator speed
stability

F1I

=
&

4

Legend: SCIG — squrmel cage induction generator,
DFIG — doubly fed mduction generator,
FSC — full scale converter between generator and grid

Table 2 show that the covered studies of FACTS
controllers such as SVC, STATCOM, TCSC, SSSC,
TCPAR, UPFC etc. applicability to wind power farms
challenges.

5. Results and Discussions

The following tables give results and discussions of the
paper as:
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Performance parameters of wind power NO'. of literatures % of literatures review out of 378
S.No. review out of 378 .
farms : literatures
literatures
1 General literatures regarding with application of 16 423
FACTS controllers in wind power farms '
2 Sub-synchronous Resonance (SSR) Problems in 15 397
Wind Power System Viewpoint '
Voltage Stability of Wind Power Systems
3 Viewpoint 9 2513
Power Oscillation Damping of Wind Power
4 Systems Viewpoint 10 2.65
5 Wind Power Transfer Capability Viewpoint 02 0.53
Transient Stability of Wind Power Systems
6 Viewpoint 03 0.79
7 Loadability of Wind Power System Viewpoint 02 0.53
8 Voltage Security Viewpoint 01 0.26
Reduce Active power and energy losses
9 Viewpoint 04 1.06
Dynamic Performance of Wind Power System
10 Viewpoint 02 0.53
Mitigations of Harmonics parameters of Wind
11 Power Systems Viewpoints 07 1.85
12 Reliability of Wind Power Systems Viewpoints 15 3.97
Operations of Flexibility of Wind Power
13 Systems Viewpoints 52 13.76
14 Operation of Wind Power Systems Viewpoints 28 7.41
15 Control of Wind Power Systems Viewpoints 23 6.08
16 Planning of Wind Power Systems viewpoint 03 0.79
17 Protection of Wind Power Systems viewpoint 21 5.56
Steady-State and Dynamic Stability by SVC
18 and STATCOM in Wind Power Systems 22 5.82
Viewpoints
19 Low-Voltage-Ride-Through (LVRT) capability 97 714
in Wind Power Systems Viewpoints '
Others Parameters of Wind Power Systems
20 Viewpoints 30 7.94

From above tables it is concluded that the 4.23% of total
literatures are reviews based on general literatures regarding
with application of facts controllers in wind power farms,
3.97% of total literatures are reviews based on sub-
synchronous resonance (SSR) problems in wind power
system viewpoint, 25.13% of total literatures are reviews on
voltage stability of wind power systems viewpoint, 2.65% of
total literatures are reviews based on power oscillation
damping of wind power systems viewpoint, 0.53% of total
literatures are reviews based on wind power transfer
capability viewpoint, 0.79% of total literatures are reviews
based on transient stability of wind power systems
viewpoint, 0.53% of total literatures are reviews based on
loadability of wind power system viewpoint, 0.26% of total
literatures are reviews based on voltage security viewpoint,
1.06% of total literatures are reviews based on reduce active
power and energy losses viewpoint, 0.53% of total literatures
are reviews based on dynamic performance of wind power
system viewpoint, 1.85% of total literatures are reviews
based on mitigations of harmonics parameters of wind power
systems viewpoints, 3.97% of total literatures are reviews
based on reliability of wind power systems viewpoints,

13.76% of total literatures are reviews based on operations of
flexibility of wind power systems viewpoints, 7.41% of total
literatures are reviews based on operation of wind power
systems viewpoints, 6.08% of total literatures are reviews
based on control of wind power systems viewpoints, 0.79%
of total literatures are reviews based on planning of wind
power systems viewpoint, 5.56% of total literatures are
reviews based on protection of wind power systems
viewpoint, 5.82% of total literatures are reviews based on
steady-state and dynamic stability by svc and STATCOM in
wind power systems viewpoints, 7.14% of total literatures
are reviews based on low-voltage-ride-through (LVRT)
capability in wind power systems viewpoints,7.95% of total
literatures are reviews based on others parameters of wind
power systems viewpoints.

Finally it is concluded that the maximum research work
carryout from the enhancement of voltage stability in wind
power farms by FACTS controllers such as SVC, TCSC,
TCPAR STATCOM. SSSC, UPFC, and HPFC.
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6. Conclusion

This paper has been attempt the critical review on the
applications of FACTS controllers such as TCSC, SVC,
TCPAR, STATCOM, SSSC, UPFC, IPFC, HPFC in wind
farms for enhancement of damping ratio of systems, power
transfer capability, active and reactive losses, loadability,
voltage profile, voltage security, operation, control, planning,
protection, others performance parameters point of view in
wind power farms. Also this paper discussed the current
status of the research and developments in the field of the
application of FACTS controllers for enhancement of
different performance parameters in wind power farms.
Authors strongly believe that this survey article will be very
much useful to the researchers and scientific engineers for
finding out the relevant references in the field of the
application of FACTS controllers in wind power farms for
enhancement of different performance parameters of
systems.
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