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Abstract

The objective of this work is to study the impact of large scale wind integration in
the dynamic performance of power system. The variable nature of wind generation
has been driving power system operating conditions from a largely predictable one to
highly variable and stochastic. Such changes will have huge impact in the dynamic
performance of the system.

The limitation in dynamic performance is one of the constraints for effective
utilization of available transmission and generation resources. The thesis draws a
qualitative behavior of inter-area mode damping with increased wind penetration.
The factors such as changes in power flow and displacement of conventional
generators, resulting from large scale integration of wind are considered. Another
consequence of wind variability is the changes in controllability and observability
in the context of power system damping control when operating conditions vary
significantly. The modal controllability and observability decide the controller
performance, large variation of which can result in inefficient control effort and poor
stability margin. A controller design methodology using robust signal selection is
presented for power systems with increased variability in operating conditions. The
core of this method is based on stochastic error co-variance matrix of modal residue
due to large variation in operating condition. The work further explores possibility
of using wind farms for damping control using active and reactive power modulation.
Interaction of damping controller with torsional mode of wind turbines is analyzed
and a signal selection criteria is presented to reduce the interaction. Also, selection
of active or reactive power modulation of wind farm for damping control is discussed.
The outcome of this research offers deeper insight into the power system dynamic

problem in the presence of large asynchronous generation such as wind.
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Mechanical input torque of generator

Excitation system regulator time constant
Excitation system transient gain reduction block time constant
Excitation system transient gain reduction block time constant
Electrical output torque of generator

Excitation system exciter time constant
Excitation system stabilizer time constant

WTG turbine torque

Time constant of TCSC

Open circuit transient time constant along dummy coil
Open circuit transient time constant along d-axis
Open circuit transient time constant along g-axis
Vectors of input variable

Voltage

Vector of bus voltages

Excitation system input voltage

Direct axis components of rotor voltage

Voltage in Park’s reference frame

Direct axis components of stator voltage

Voltage in Kron’s reference frame

Quadrature axis components of stator voltage
Quadrature axis components of rotor voltage
Wind velocity

Vectors of state variable

dy

Synchronous reactance along d-axis

Transient reactance along d-axis

Synchronous reactance along g-axis

Transient reactance along g-axis

Capacitive reactance

Inductive reactance

Vectors of output variable

Vectors of algebraic variable

Zeros of ransfer function

Network Impedance Matrix
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Thevenine Impedance

Magnitude operator

Angle operator

WTG blade pitch angle

Rotor angle of generator

Tip speed ratio

Eigenvalue

Mean of random variable

Standard normal distribution with zero mean and unit variance
Base speed

WTG rotor speed

WTG turbine speed

Synchronous speed of generator

Speed of generator

Frequency in rad/sec

Power factor angle

Right eigenvector

Left eigenvector

Air density

Voltage angle

Equivalent twist angle of drive train shaft

Angle of residue with respect to the mth operating
scenario corresponding to the kth signal, of the ith mode.
Standard deviation

Real part of eigenvalue

Variance

Damping ratio
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List of Abbreviations

AC Alternating Current

GB Great Britain

DAE Differential algebraic equation

DC Direct Current

DFIG Doubly-Fed Induction Generators

ECM Error Covariance Matrix

FACTS Flexible AC Transmission Systems

FC Full converter, representing variable speed

generator with full converter interface

GE General Electric

HVAC High Voltage Alternating Current

HVDC High Voltage Direct Current

IEEE Institute of Electrical and Electronics Engineers
[AM Inter-area Mode

LM Local Mode

NETS New England Test System

NYPS New York Power System

PSLF Positive Sequence Load Flow

PSS Power System Stabilizer

SMES Superconducting Magnetic Energy Storage
SMIB Single Machine Infinite Bus

SEP Stable Equilibrium Point

PMU Phasor Measurement Unit

RSC Rotor Side Converter

TCPAR Thyristor Controlled Phase Angle Regulator
TCSC Thyristor Controlled Series Capacitor/ Compensator
™ Torsional Mode

UPFC Unified Power Flow Controller
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SVC
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WECC
WTG

United Kingdom

Static var Compensator

Wide Area Measurement System
Western Electricity Coordinating Council

Wind Turbine Generator System
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Chapter 1
Introduction

Ensuring secure and affordable energy while minimizing the impact on environment
is the major challenge faced by countries around the world. Depleting oil and gas
reserve, political instability in countries enriched with natural resources and need
to reduce damaging emissions have forced many governments to look for alternative
energy sources within their borders. Electricity generation from renewable sources
has got increased attention in this context. Various renewable generating technologies
such as solar, wind, wave, tidal, hydro, bio energy, fuel cell etc. are being developed.
Out of many, the wind energy continues to be the fastest growing renewable
generating source. According to World Wind Energy Association’s 2012 half yearly
report, the total worldwide wind turbine installed capacity has reached 254GW
[1]. Countries such as China, USA, Germany, Spain, India, Italy, UK, Denmark,
Netherlands etc. are few to take lead in the area [1]. A significant portion of their
electricity demand will be met by wind or other renewable resources in the near future.
However, the non-dispatchable nature of wind power due to the variation and
uncertainty in wind causes significant problems in large scale wind integration into
the electricity network. Since electricity is supplied on demand, sufficient reserve
capacity should be maintained at all time. Due to variability in wind power output,
power system require higher generation reserve which is generally ensured by running
conventional generating stations. It is shown that the variability in wind output
increases the variability in conventional generation output [2, 3]. Smart grid can also
help to tackle the issues related to wind variation by controlling demand [4].
Diversification of renewable portfolio and interconnection of different grids are
means to increase wind energy utilization and reduce reserve capacity requirement.
Large scale transmission system expansion is required to facilitate this. The capacity

improvement of existing lines and addition of new lines are being carried out in
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various power systems. According to [5], Europe require to upgrade 34 existing high
voltage AC (HVAC) interconnections, build or upgrade 17 High Voltage DC (HVDC)
lines and need up to 11 new long distance HVDC supergrid connections in order to
achieve their renewable targets. The proposed North Sea grid can facilitate sharing of
electricity generated by wind, solar and tidal power between the neighboring countries
[5]. The wind power produced by UK during low demand periods can be stored as
hydro potential in Norway and released during peak hours. Similarly, the proposed
pan-European electricity Supergrid will connect offshore wind farms from the Baltic
Sea to the Mediterranean, via the North Sea and the Atlantic, with major load centers
in Europe enabling higher utilization of wind power [6]. The network will allow free
movement of electricity securing higher revenue for wind farm operator which will
eventually challenge the technical limitations of the network. Future generation and
transmissions lines need to be highly flexible in order to meet these challenges.

One of the important constraints in providing flexibility for transmission network
is the electromechanical stability of existing AC systems which are generally stability
limited. Historically, inter-area oscillations are responsible for transmission line
bottlenecks and many power system back outs [7]. In some systems the number of
recorded yearly inter-area oscillation related incidents grew from dozens to hundreds
[8] in recent years. It is very important to ensure sufficient damping to inter-area
modes in order to fully utilize the renewable resources.

Real challenge to the system operator comes from the obscure nature of inter-area
mode. The power system does not exhibit any problem until its stability limit is
reached and once there, a disturbance in the system can cause poorly damped or
some times undamped oscillations. There is no tool available for the system operator
to judge the damping level of an operating scenario. Hence the operators generally
load the system well below its thermal limit.

However such simple criteria cannot be applied to future power systems as
the operating conditions will be continuously evolving with weather and market
conditions, and the network is expected to provide the flexibility. Not all of these
resulting operating conditions or power flow patterns will be familiar to operator
and /or are sufficiently stable. In the new world order where technology follow market,
power system networks should ensure sufficient damping to all oscillatory modes for
all possible operating conditions. The thesis will analyze the behavior of inter-area
oscillation and explore the possibilities of robust damping controller design for power

systems with increased wind penetration.
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1.1 Objective of the thesis

The objectives of this thesis are:

e To analyze the impact of increased wind penetration on inter-area mode
damping of power system. Studies based on systems with large scale wind
integration show that, the inter-area oscillation involves only synchronous
machines interconnected through ac transmission lines, and wind generators
do not participate in this mode. However, with large scale wind penetration
damping of the mode changes. Many literatures report both positive and
negative impact of large scale wind penetration on inter-area mode damping, but
they do not show how it will be affected. The thesis tries to draw up a qualitative
behavior of inter-area mode damping with wind penetration. Different possible
operating conditions for two test systems, a two area system and a representative
GB test system, are generated to analyze the damping behavior. The damping
behavior with different inter-area power flow scenarios and displacement of

different synchronous generators are studied.

e To investigate the importance of feedback signal selection for Flexible AC
Transmission Systems (FACTS) based damping controllers. Supplementary
controls of FACTS devices are found to provide additional damping for inter-
area oscillations if placed at suitable locations. However, FACTS controllers
are placed considering their primary objectives such as power flow and voltage
control. It is shown that judicious selection of feedback signal can enhance
the damping control potential of FACTS devices [9]. Signal having higher
magnitude of residue, product of modal controllability and modal observability,
can be used to design a controller with low control effort. However, the
magnitude and angle of residue varies in wide range for power systems with
significant variation in operating conditions. The variation of which can cause
poor performance of the controller. The thesis proposes a set of signal selection
criteria where by feedback signals having less variation in residue are selected.
The proposed signal selection method ensures robust controller performance for

large number of operating conditions.

e To explore damping control capability of wind generators. Modern wind turbine
generators (WTGs) have capability to independently control the active and

reactive power output. The thesis investigates the potential of modulating
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active and reactive power output of WT'Gs to improve damping. Issues such as

torsional interaction and selection of actuator location are examined.

1.2 Outline of the thesis

Following this introduction, Chapter 2 discusses various issues related to inter-area
oscillations and their significance in future power system. In Chapter 3 a simple
modeling framework for multimachine power system with synchronous machines and
FACTS devices is presented. Various control system tools are explained and a two-
area system simulation is presented to relate these tools to stability analysis. This is
followed by modeling of wind farms in Chapter 4. Modeling using detailed machine
model and generic WTG model are explained with simulation results. Chapter 5
discusses the impact of wind penetration on inter-area oscillation damping. In first
part, a two-area test system is used to build up the concept. A representative model
of the Great Britain transmission network is developed. The wind penetration issues
are further explored using the GB test system. Chapter 6 discusses the feedback
signal selection for FACTS based damping controller design and a signal selection
algorithm is presented. A simulation study using sixteen machine five area test
system is presented to validate the proposed approach. It is shown that the controller
using proposed signal selection method achieve required damping for large number
of operating conditions. Damping controller design using wind farm is discussed in

Chapter 7. Chapter 8 lists the conclusions and future work.

1.3 Contribution of the thesis

e Impact of increased wind penetration on inter-area mode oscillations in power
system is analyzed and a qualitative behavior of the damping of inter-area mode

is presented.

e A feedback signal selection method for inter-area mode damping controller is
presented. It is shown that the proposed method simplifies controller design

and ensure robust damping for large number of operating scenarios

e The damping control capability of wind turbine through active and reactive
power modulation is presented. The impact of damping controller on torsional
mode oscillation and location dependance on the choice of active or reactive

power modulation are analyzed.
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e A dynamic model of representative GB transmission grid is developed to
replicate the well known 0.5Hz Scotland-England inter-area mode. The model

can be used to analyze impact of wind penetration on future GB network.

e A programming guide for multimachine power system modeling for small signal

stability studies is presented.
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Chapter 2

Inter-area oscillations in power

system

Inter-area oscillations are inherent in interconnected AC systems. This type of
oscillations limit power transfer capacity of tie line between different areas and
can sometime cause power system black out. Any improvement in damping of
these oscillations have significant economic benefit. This chapter discusses the

characteristics of these oscillations and their significance in future power system.

2.1 Nature of inter-area oscillations

Synchronous generators in power system produce torque depending on the relative
angular displacement between their rotors in order to maintain their synchronism. If
due to a disturbance the angular difference increases, the torque will be produced
in generators to reduce the difference and bring the system to steady state. In
this process, the generator rotors will oscillate at its natural frequency. Generally
such oscillations decay and disappear within few seconds. However it is observed
that, beyond a particular loading limit (stability limit) the oscillations in power
system will grow and eventually trip generators and transmission lines. The reason
being insufficient damping to these oscillations. The oscillations are named inter-area
oscillations when generators from more than one distinct area participate.

The inter-area oscillation is a complex phenomenon which depends on many
factors such as system structure, operating condition, nature of load, distribution
of load, presence of automatic voltage controllers, and generator and transmission
line loading. For example, damping is found to decrease as the tie line power transfer

increases [10] and it is improved with tie line strength. In a power system these
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factors are subjected to continuous changes, and hence the damping and frequency
of inter-area mode vary. Some modes may disappear or their frequencies may vary
with the system operating conditions. Furthermore several other devices such as
Thyristor controlled series capacitor (TCSC), Static var compensator (SVC), HVDC
systems etc influence the damping of inter-area mode. Number of such devices are
installed in power systems in recent years. This increasing complexity of inter-area
mode characteristics make their damping control a challenging task for power system
designers.

Another characteristic of this oscillation is that no noticeable problem can be
observed in power system until the stability limit is reached. Once stability limit is
reached, a disturbance in system can cause poorly damped or some times undamped
oscillations. An operator cannot judge for sure if a particular operating condition may
cause undamped oscillation. In a power system with continuously changing operating

conditions, the inter-area oscillations pose a major challenge to system operator.

2.1.1 Cost of inter-area mode oscillations

Inter-area oscillations were observed when generators from different areas are inter-
connected in order to improve reliability of power system. The oscillators were
controlled by limiting power transfer through the tie-lines. However, with large scale
inter-connection of power systems and power system restructuring, the annual number
of inter-area events has increased significantly in recent years. In some systems the
number of recorded yearly inter-area oscillation related incidents grew from dozens
to hundreds [8]. The economic cost of such oscillations can be two folds. In modern
world where day to day life is heavily dependent of electricity, a power system black
out due to inter-area oscillation is a disaster. Several incidences have been reported in
different parts of the world that caused huge loss to the economy [11, 12]. Secondly,
due to lack of monitoring and early warning system, the system operators limit loading
of transmission lines well below their thermal limit. This is to avoid any system
separation or possible black out, which results in underutilization of generation and

transmission capacity.

2.1.2 Solutions to stability issues

Initial reaction to these oscillations were to either change control settings or restrict
operation of the tie-line until the development of power system stabilizers (PSS).

Power system stabilizers are the most cost-effective and successful damping controllers
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used in power system [13]. They were used from very early stages of development of
inter-connected systems [14, 15]. PSS modulates excitation system voltage reference
input such that the generator produces damping torque in phase with speed changes.
Generally local signals are used as feedback signals for PSS although recent literatures
suggest remote signals as alternatives [16]. One of the early PSSs used shaft speed
(Delta-Omega) as input signal [17]. However this type of controller when used for
thermal units were found to have number of limitations which complicated its design
and restricted its effectiveness. In order to overcome this limitation, Delta-P-Omega
stabilizer, which use shaft speed and electric power as input signal, is developed in
1978 [18]. They were very successful in improving damping of the oscillations. An
additional reactive power input to Delta-P-Omega controller can further enhance
performance of PSS for long distant power transmission [19]. Presently PSS is an
essential controller in modern power systems.

Introduction of FACTS devices in power system opened a new avenue to inter-area
oscillation damping. Though primary purpose of these devices is to support power
flow and voltage control, the potential of improving damping using supplementary
control can be easily realized [20] . Devices such as TCSC [9, 21], SVC [22], Unified
power flow controller (UPFC) [23, 24|, High voltage DC system (HVDC) [25], Super
conducting magnetic energy storage (SMES) devices [26], and Thyristor controlled
phase angle regulator (TCPAR) [27] are suggested as actuator for damping control.

2.1.3 Actuator location and feedback signal selection

Once damping capability of the FACTS devices are evident, the pressing question is
how to find best location for installing them? In case of PSS, an obvious location is
the generator with highest speed participation in the mode [16]. Speed participation
factor indicates the sensitivity of a mode to addition of mechanical damping at the
generator shaft [13]. If speed participation of a generator is zero, it will not be able to
contribute to damping improvement of the mode. Another approach is to use residue
(28], where generator location providing largest magnitude of residue for the transfer
function between automatic voltage regulator reference and the feedback signal is
selected. If the residue is very small, that generator will not be able to contribute
to the damping of the mode. The residue concept is proposed for selecting FACTS
device location where the residue of the transfer function between reference input of
FACTS controller and feedback signals is used [28]. Initially, locally available signals
were used to design damping controllers. However, recent introduction of Wide Area

Measurement System (WAMS) enables the use of signals from remote locations in
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the system [9, 29].

It is to be noted that, FACTS devices are installed to support power flow or
voltage control. Hence rather than finding best location for FACTS controller, the
real issue is whether existing/ proposed FACTS controller can be used to damp the
mode. Availability of remote signal can enhance performance of a FACTS controller
which otherwise may not be effective for damping control. Different methods have
been proposed to select the most appropriate feedback signal for damping controller.
The modal residue based approach is widely used for obtaining the device location and
feedback signal for the FACTS controllers [16, 28, 30]. The feedback signal having the
largest magnitude of the residue makes the controller very effective with low control
effort [31, 32]. The selection of signals based on the geometric approach of modal
observability and modal controllability is presented in [33, 34, 35]. In [35], the authors
compare the geometric approach with modal residue based approach. It is found that
both approaches depend on the orthogonality between the eigenvectors and the output
and input vectors, however the residue approach is independent of scaling. Though
simulation results show some advantages of geometric approach over residue approach
yet the residue approach is widely followed by the community. Furthermore the angle
of the residue is not taken into consideration for comparison with geometric approach.
In [36], the authors present a method based on the Hankel Singular Values [37]. [38]
discusses the importance of transfer function zero in feedback signal selection. A good
separation between critical poles and zeros is required in order to obtain adequate
eigenvalue movement. Suitable zero placement can be achieved by modifying local
signals [38] or changing dynamics of other parts of the system [39, 40]. These methods
select signal based on nominal operating condition or few worst operating conditions
with an assumption that modal observability and controllability i.e. residue does
not vary significantly. However, for power systems with large variation in operating
condition, this may not be true [41]. The changes in residue will make the signal
ineffective for control. It is required to select a signal with least variation in residue. In
[42], the authors discuss the effect of variation in the angle of the residue corresponding
to the feedback signals under various operating conditions and [43] presents a signal
selection criteria based on minimum variation in the magnitude of residue. The

method is appropriate for selecting a feedback signal for damping a single mode.

2.1.4 Controller design methodologies

Continuous variation in operating condition of power system poses further challenge

to damping controller design. Research efforts were focused on designing a robust
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controller for many operating conditions [44, 45]. With more PSS available in a
system, a coordinated design and tuning of these controllers are considered [32, 46,
47, 48]. The coordinated design of PSS and FACTS devices [49, 50], and coordinated
design of different FACTS devices [51] are found to further improve the damping
of inter-area oscillations. However, increasing complexity of power system, large
variation in operating conditions and subsequent variation in residue will increase
challenges for power system damping controller design.

Also these studies use few worst case operating scenarios for the controller design
which may not represent critical conditions for inter-area oscillation studies [7]. For
power systems with wide variation in operating condition, which is expected in future

power system, designing a robust damping controller is a challenging task.

2.2 Recent changes in power system

Power systems around the world are experiencing its biggest transformation of all
times with changes in its three constituent parts such as generation, transmission
and distribution. It is expected that such changes will shift system operation from a
more or less predictable one to random and stochastic. This section will examine the

possible changes in power system and its implication to stability of the system.

2.2.1 Changes in generation

During last two decades contribution from renewable generating sources for electricity
generation has increased significantly due to environmental and political reasons.
In 2007, the European Union has set a binding target of 20% of energy to source
from renewable generation by 2020 [52]. In United Kingdom, this target translate
to 15% of renewable generation by 2020, most of which will come from electricity
generation. Various renewable technologies such as solar, wind, wave, tidal, hydro,
bio energy, fuel cell, and nuclear [53, 54] are developed. UK is planning to increase
the wind generation from 3.8GW in 2010 to 26.8GW in 2020. Other countries are
also pursuing similar ambition [52]. Apart from nuclear generation, all other types
of renewable generation depend on weather condition and are subject to variation in
electrical output. Solar generation is only available during the day time and varies
with cloud movement [55] whereas wind generation varies with prevailing weather
condition [2]. The following discussion concentrates on the impact of wind generation

on system operation. However, the issues are similar with other types of renewable
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generations.

Characteristics of wind

The wind generators typically produce useful output between wind velocities of 3ms™
and 25ms™, of which it gives rated output above ~ 13ms™. Study based on UK wind
resources have shown that wind generators operates 90% of all hours in below rated
speed. This result in an annual average capacity factor for wind turbines substantially
below what is typically achieved by conventional generators. It is reported that annual
capacity factor of UK wind power varies from 14% to 31% with a long term average
of 27% [56]. The important feature of wind as far as power generation is concerned
is its variability. The speed and direction of wind fall on a turbine vary depending
on prevailing weather condition. It shows annual, monthly and diurnal variability. In
UK, wind output is higher during winter months compared to summer months, and
higher wind output during day light hours compared to night. Though very rare, it
is possible to have no wind and very high wind events in some part of the country
making wind generator output zero [57]. It is found that the correlation of wind
speed between two generators reduces as the distance increases. Hence diversification
of wind generation sites will help to reduce variability in overall wind generation of
the country [56].

Changes in generation scheduling

Changing generation mix and more emphasis on renewable generation will have
significant impact on generation scheduling. The increased penetration of wind
generation will reduce the load factor of thermal generation [57] and at the same
time, the outputs of thermal generators will vary with variations in wind output [3].
Fig. 2.1(a) shows the hourly despatch by generation type for the WestConnect study
area in April 2006, when no wind or solar generation is present [2]. The coal and
nuclear generation form base load. The fall in nuclear generation on the 15th and
16th is due to planned maintenance activity. The combined cycle plants are used
in base load/ intermediate mode and, the hydro generator is used to support hourly
variation in load. Fig. 2.1(b) shows operation of the system with 35% renewable
penetration. The combined cycle units are almost completely off, gas turbine output
has increased, and the coal plants are cycling significantly. The nuclear generators
show dip in output which is more than likely to indicate a need to spill some of
the wind generation, as it is difficult to change nuclear output for such a short time

period.
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Figure 2.1: Generation despatch in WestConnect study area in April 2006. Source [2] (a)
with no new renewable generation and (b) with 35% renewable generation
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Figure 2.2: Effect of wind penetration in West Denmark Grid during 10 to 16 January 2005
(source: Energinet.dk) [58] (a) load and net load (load less wind) (b) load and wind

Fig. 2.2 presents a study on the West Denmark electricity network [58]. Fig. 2.2(a)
shows the actual load and the net load for a week in the West Denmark. The net load
is total load less wind generation and the difference between these traces is the wind
generation. Fig. 2.2(b) compares the load and wind during this period. During hours
close to 49 wind is able to cater full load with less conventional generation as shown
in Fig. 2.2(a) where as no wind generation is available close to hour 121 as shown
in Fig. 2.2(b). The generation profile in the network changed in approximately 70
hours from less convectional generation to 100% conventional generation. Also the
wind induces steep change in conventional generation output in both direction which
call for high flexibility in existing generators.

Fig. 2.3 presents a forecast of operating scenario of the GB network for year
2020 [57]. Fig. 2.3(a) shows the GB demand profile for January 2010, together with
a scaled January 2010 wind generation. The blue line demonstrates the variability

of the wind generation, with load factors ranging from 5% to 80%. The demand
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profile is more consistent in respect of diurnal shape, but with lower levels across
weekend and holiday periods. Assuming the same wind profile for January 2021 and
an installed wind generation capacity of 26.7GW, Fig. 2.3(b) shows the expected
variation in thermal generation output. Approximately 30GW change in thermal
generation is expected within two days time frame. Additional thermal generation
capacity must be allotted as reserve to cater for the variability in wind output.
Fig. 2.4 shows the break up reserve requirement for secure operation of the system
with the expected wind variability. Basic reserve, the reserve for forecast error and
conventional generation capacity loss, and reserve for response, the reserve to support
any in feed loss are common in power system operation. Variability in wind call for
additional reserve capacity in conventional generating stations as indicated by blue
shade. Higher reserve for response is also required to cater for sudden loss of large
off-shore wind farms, towards the end of this decade.

Studies presented so far show that the flexibility required for generating stations

is significantly higher compared to that of present day power system.

2.2.2 Changes in transmission system

A good transmission system is key to integration of renewable generation such
as wind and solar. These resources are generally located in remote areas and
weak transmission system can be a barrier to higher utilization of these resources
[59, 60, 61]. Transmission system of various countries are transforming with
installation of new HVDC lines and FACTS devices, and capacity improvement of
existing lines to support power flow with increase in generation [62]. In UK, the
majority of wind resource are located in Scotland whereas main load centers are
located in England. Two HVDC lines are proposed along the Scotland-England
transmission corridor to improve transfer capacity of the system [63]. Transmission
lines connecting different energy resources can improve utilization of multiple energy
resources depending on their output schedule. A meshed DC grid in the North Sea
is found to result in increased utilization of wind and hydro capacity in the Norway
and wind in the North Sea [5]. Also an ambitious plan to build a European supergrid
is also under consideration [6] which will interconnect renewable resources in many
countries with major load centers, enabling secure spread of electricity between the
countries. An interconnection between different grids will reduce overall conventional
reserve requirement in the system.

Another important development in recent years is the introduction of WAMS. Us-

ing signals sent by the Global Positioning System satellites and Phasor measurement
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Figure 2.3: Effect of wind penetration on thermal generation scheduling in GB network
(a)GB demand and wind generation profile of January 2010 and (b) Thermal generation
requirement for 2020. Source: [57]

units (PMU), WAMS can collect synchronized measurements from different parts of
transmission network [64]. At present these measurements are use for post event
analysis. However researchers are working towards using these measurements for real
time monitoring and control of power system [65, 66]. WAMS will give a boost to

development of more flexible transmission line operation.

2.2.3 Changes in distribution system

Distribution system is expecting a radical change in coming years with a shift from
its passive nature of operation [67]. Using small scale wind turbines and solar panels
at roof top, more customers will be producing part of their electricity by their own
(68, 69]. Plug in electric vehicles and advanced home automation devices will further

change the characteristics of distribution system. Future home will be more energy
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Figure 2.4: Effect of wind penetration on operating Reserve Requirement in GB network
for January 2020. Source: [57]

efficient. Moreover smart metering, and communication and computing capacity will
be available to actively interfere in the system operation [70]. Using demand side
management system the utilities can actively control system load [71]. The result

will be a more stochastic nature in distribution system operation.

2.3 Chapter summary

The inter-area oscillations in power system depends on the operating condition of the
system. Power system operation typically ensures that generator and transmission
lines are loaded well below stability limit. However, for future power systems
governed by market forces, power flow pattern will be decided by the price signals
and weather conditions rather than technical boundaries. Integration of renewable
generation will add additional stress into the system due to increased variability in
operating conditions. Weather dependent nature of wind generation will increase
operating reserve requirement and increase variability in conventional generation
output. Since wind at different sites are less correlated as distance between sites
increases, diversification of wind resources will reduce variability in total wind
generation and as a result reduce variability in conventional generation. But it
will increase the variation in power flow pattern in the system. The network must
be flexible enough to face these scenarios. Transmission capacity enhancement is
essential to provide the operating flexibility. Power systems around the world are
installing many HVDC and FACTS devices to cope up with the changing operating
conditions, which will increase the complexity of the network. The interaction of

these devices when placed at close proximity, needs in depth study. The changes in
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distribution system operation from its passive to active nature will add additional
randomness in the system. The characteristics of evolving distribution system load
and its effect on stability is not well understood. The increased complexity in network
and variability in operating conditions will increase challenges for ensuring stability

of the system for all operating conditions.
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Chapter 3

Modeling and analysis of

multimachine power system

Modeling plays an important role in power system stability studies. Various
components of the system should be modeled with sufficient accuracy to simulate
the underlying physical phenomenon. This chapter details the modeling of power
system from the perspective of small signal stability studies. Models of various power
system components are adopted from [10, 72, 73]. The modeling details are limited
to the context of this research work. The programming is carried out using MATLAB
and Simulink software. The chapter also explains modal analysis and various control
system tools used in stability analysis. A two-area test system is used to relate various

terms used in the context of small signal stability.

3.1 Dynamic modeling of power system

A model of power system is an integration of several dynamic models such as
synchronous generators, asynchronous generators, load, FACTS devices, etc. Fig.
3.1 shows a top level view of the model, where various dynamic models are connected
to a network model. The output of the network model is fed back to dynamic models
making it a closed loop system. The network model consists of all transmission
network components except the components modeled separately. It is represented
using an algebraic equation V = ZI, where V is a vector of bus voltage, I is a vector
of injected current at each bus and Z is a matrix representing the impedance of
transmission line and other components not modeled separately. The output of the
network block, bus voltage, is fed to dynamic models. The dynamic models consists

of differential and algebraic equations (DAE), and the outputs are injected current
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Figure 3.1: Overview of power system simulation program

at corresponding buses.

The power system networks used in this work contain dynamic models such as
wind farms, synchronous generators, TCSC and SVC. The DAE equations for later
three are listed in this chapter. Wind farm modeling is discussed in Chapter 4. Static
load is assumed for all test systems as the objective of the work is to analyze impact
of variable operating conditions resulting from large wind penetration on system
stability. It is thought that this assumption will not cause significant error in the
results and reduce complexity of the model. However, it is worth noting that the
type and location of load will influence stability of power system and it is important

to model dynamic load for accurate assessment of power system stability [10].

3.1.1 Synchronous machines

The modeling of synchronous generator is a subject matter of many text books and
literatures [72, 73, 74]. The models of varying degree of complexity are reported.
The modeling complexity required depends on the type of phenomena being studied
and the available computational resource. This work uses transient model which is
explained in this chapter. The model is sufficient for large system small signal stability
studies if the model data is correctly determined [73]. However, subtransient model
is required to analyze the behavior during subtransient period, and sub-subtransient
model is important to analyze the effect of eddy current and asynchronous torque[75].

However for inter-area mode damping studies the use of these two models do not offer
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significant improvement in accuracy compared to transient model [10]. Since the

work is related to small signal stability studies in transient time period, the transient

model having a field coil on d-axis and damper coil on g-axis is used. The governor

is modeled using a reheat type turbine governor system and excitation system is
represented using either a IEEE-DCITA or a IEEE-ST1A models.

Speed ()
oo Mechanical
eference » TuUrbine- | Tomue (Th)
POwEr (Pred) o Governor »  Torque-
» Angle Loop —
Tenning i
. E lectrical
voltage (‘v'ml_ Excitation | e TDVSU';.IEE?:J
System
—— Rotor Electrical Otk
Erminal
voltage (W) Block cument foa ) :
Ayl ar
postion (5

Figure 3.2: Block diagram representation of synchronous machine model

Fig. 3.2 shows internal block representation of a synchronous machine model.

The DAE equations corresponding to individual blocks are listed below. The input

to synchronous machine model is bus voltage vpg in (3.3) obtained from network

block. The output of the model is current ipg in (3.9) which is fed to the network

block. A brief note on translating the differential equations or transfer functions to

Simulink blocks is given in Appendix A. The various blocks are assembled to form

synchronous machine model and later complete power system simulation program.

Equations for torque-angle loop block

do;

dt - wl wS

dw;  ws (= Dy(w; — w3) + T
dt - QHZ K3 wZ wS me

for + = 1,2, 3...m, where,
m: total number of generators,

d;: rotor angle of it generator
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w;: Speed of it generator

ws: Synchronous speed of generator

H;: Inertia of i*" generator

D;: Damping coefficient of i*" generator

T.n;: mechanical input torque of it" generator

T.;: electrical output torque of i*" generator

Equations for rotor electrical block

(Vgi + Jvai) = UDQie_j(si = (vg; + jupi)e 3% (3.3)
dE,, 1 , .
dtq = TC;ZO [_Eqi + (xdi — l‘di)ld + Efdi] (34)
dE,, 1 : .
= 7 Fu =i (35)
dE,,; 1 : N
d—? = T_Ci[_Edci - (xqi — Zg;)iqi] (3.6)

Equation (3.6) represents a dummy rotor coil used to handle transient saliency.

A detailed discussion on treating saliency is available in [73].

. . 1 / - , ,
(igi + Jiai) = m[Eqi + J(Eg + Egei) — (Vgi + jvai)] (3.7)
T, = FEyig+ E;Z-iqz‘ + (g — $;i)idiiqi (3.8)
ipgi = (igi+ jipi) = (igi + jiai)e?® (3.9)

Ugdi = Vqi + JUa;: voltage in Park’s reference frame

vopi = VQi + Jjupi: voltage in Kron’s reference frame

topi = Qi + jip;: current in Kron’s reference frame

E;Z-: transient emf due to field flux linkage

Eéli: transient emf due to flux linkage in g-axis damper coil
E,;: transient emf due to flux linkage in dummy rotor coil
14;: d-axis component of stator current

14 q-axis component of stator current
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Tgi, Ty synchronous and transient reactance along d-axis, respectively
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Tyi, ;e synchronous and transient reactance along g-axis, respectively
/
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Figure 3.3: Block diagram representation of excitation system model

The block diagram representation of DC type-1 excitation system is shown in
Fig. 3.3 [72, 73]. V; and Erp are input, the measured voltage and output, the
field voltage respectively. The constants Kg and Tg relate to exciter gain and time
constant, respectively. The regulator transfer function has single time constant T4
and positive gain K 4. The feedback transfer function with constants Kr and Tg
represent excitation system stabilizer, and the lead/lag block represent transient
gain reduction. The figure can represent the static excitation system by setting the

parameters, Sg, Kg, Kr, and T to zero.

Turbine governor block

1
R

1 1+5F,Tin P
el | STty [

Figure 3.4: Block diagram representation of turbine governor system model

Block diagram representation of governor with reheat steam turbine is shown in

Fig. 3.4 [72]. The gain % and the first order transfer function represent governor

model and the other block represents reheat stream turbine model. The value of R

determines the steady state speed versus load characteristic of generating unit.
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3.1.2 Thyristor controller series compensator (TCSC)
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[ s ! -l

Figure 3.5: Various schematic representations of TCSC

A TCSC is formed of a Thyristor controlled reactor (TCR) connected in parallel
with a fixed capacitor to provide rapid and continuous variation of transmission line
series reactance. Fig. 3.5(a) shows a schematic representation of a transmission line
with a TCSC, in which variable capacitor represents the TCSC. The compensated
impedance of the transmission line is given by, Z;, = R + jX (1 — k./100), where
k.= %100 represents percentage compensation.

In dynamic modeling of the system, a TCSC can be represented using current
injection model. The transformation of TCSC model from a variable series capacitor
to injected current at terminal buses is depicted in Fig. 3.5(a) through Fig. 3.5(d)
[12].

Let I be the current flowing from bus m to bus k. The TCSC having capacitive
reactance X can be represented by a voltage source Vg = —j X/l as shown Fig.
3.5(b). The voltage source Vg in Fig. 3.5(b) is replaced with a current source Ig =
Vs/(R+ jXp) in Fig. 3.5(c). Further the current source [y is split into two current

injections at terminal buses k& and m as shown in Fig. 3.5(d).

Figure 3.6: Small signal dynamic model of TCSC

For small signal stability studies, the dynamic characteristics of TCSC can be

modeled using a single time constant T as shown in Fig. 3.6 [12]. Where, T} is
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response time of TCSC, k._,.y is reference setting of TCSC and k. is supplementary

signal for damping control.

3.1.3 Static Var compensator (SVC)

Static var compensator is a shunt connected device which provides reactive power
support to control dynamic voltage variations in the network. It consists of parallel
combination of thyristor controlled reactor and fixed capacitors. The reactive power

injection of a SVC at a bus k is given as,
Qk = %QBSUC (310)

where By,. = Bc — Bp, and Bo and By, are the susceptance of the fixed capacitor

and thyristor controlled reactor, respectively. The corresponding current injection at
bus £ is,

[k - ijstc (311)

The small signal dynamic model of SVC is given in Fig. 3.7 [72]. Where, Tsy¢ is the
response time of the switching circuitry, Ty, is the time constant representing delay in

measurement and T, and T, are the time constants of the voltage regulator block.
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Figure 3.7: Small signal dynamic model of SVC

3.1.4 Initialization

The power system model presented above consists of non-linear equations which calls
for a numerical solution. It is assumed that, the system is under stable equilibrium
point (SEP) at time ¢ = 0 and disturbance happens at ¢t > 0. To start the simulation,
it is necessary to calculate the initial value of states, xy at time ¢ = 0.

The primary step in initializing the model is to obtain a power flow solution of the

network. The power flow solution gives real and reactive power output of generators

47



(P, and @), and terminal voltage magnitude and angle (V; and 6,) at buses. At SEP,
the change in value of the states with time is zero which means, the % term in all
differential equations can be set to zero and initial value of states can be deduced. A
step by step procedure for initial value computation for synchronous machine specific
to this work is listed below. A more detailed explanation is available in [73]. The
subscript 0 in the following equations meaning initial value or steady state value of

the state variables.

e Run power flow model and obtain Py, Q,4, Vyo and 6, for the generator bus.

Py—3Qq

e Compute output current, Ipo/ ¢y = A2
g g

e Compute E, and 0y from, E,0Z0y = VL0400 + (Ra + j4) Lo Lo

e Compute

ia0 = —Ig051n (89 — o)
iqo = Ig0cos (6o — ¢o)
vao = —Vyosin (8o — ¢o)

Vg0 = Vgocos (60 — o)

e Compute
Erio = Ego — (xa — 4) tao
Ey = Erao + (za — ) igo
By =— (g — 5’3;) iq0
Teo = Eqgiqo + Eggiao + (24 — ) iaoiqo = Tno

The above steps will initialize rotor electrical block. Other blocks contain simple
transfer function structure. A brief description of programming and initialization of
transfer function blocks in MATLAB and Simulink is given in Appendix A.

Another important issue associated with simulating the model is occurrence of
algebraic loop. An algebraic loop occurs when an input port with direct feedthrough
is driven by the output of the same block, either directly, or by a feedback path
through other blocks which have direct feedthrough, as shown in Fig. 3.8 [76]. This
means, the output of the block at time ¢ depends on the same output. When this
occurs, Simulink invokes algebraic loop solver which will attempt an iterative solution
of the equations. Hence, the simulation will get slowed down and some times stop

abruptly. Different ways of avoiding algebraic loop is presented in [77]. For this
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Figure 3.8: Algebraic loop representation

work, whenever algebraic loop creates trouble in running the simulation, the initial
condition (IC) block in the Simulink [78] is placed in the input voltage signal of
dynamic blocks. The IC blocks specifies the initial value of voltage obtained from

power flow which can then be used by Simulink to start the simulation.

3.2 Linear analysis

The power system models presented so far contains non-linear equations and it can

be summarized in the following form,

I
-~

(x,2,u)

g( ) (3.12)
h( )

X
0 X,Z,u
Yy X, Z, U

where f and g are vectors of differential and algebraic equations, and h is a vector of
output equations. The notations x, z, u, and y represent vectors of state variable,
algebraic variable, inputs and outputs, respectively.

For power system stability studies, which is the main focus of this thesis, the linear
analysis of the system is sufficient. By Linearizing (3.12) and eliminating the vector
of algebraic variables z, we can obtain a state space representation of power system

as,

x = Ax+Bu
y =Cx+ Du (3.13)

49



where A is state matrix, B is input matrix, C is output matrix, and D is feedthrough
matrix. From MATLAB/Simulink model of the power system the state matrices
are obtained using the command linmod [79]. (3.13) can be represented in transfer
function form as,

k(s —z1)(s — 2z2)...(s — zn)

G(s) == 5 =205 —p2) (5 — o) m<n (3.14)

where p and z are poles and zeros of the transfer function, respectively.

3.2.1 Eigenvalues

n

Eigenvalues of A, {\; = o; &+ jw;}} is be obtained using the command eig. This
is same as the poles of (3.14). However, both terms eigenvalue and pole, and their
symbols, A and p are used in this thesis depending on the context. For a stable system
all eigenvalues have negative real part. Eigenvalues may be both real and complex.
The complex eigenvalues determines oscillatory behavior of power system where w
relates to frequency of oscillation. In this thesis, the word mode is used to represent a
complex eigenvalue characterizing electromechanical oscillation. The damping ratio

and frequency of oscillation in Hz, of a mode or eigenvalue is given as,

(= —\/ﬁ (3.15)

f=—= (3.16)

3.2.2 Eigenvectors

The right eigenvector for \; is a n-column vector ¢; which satisfies the relation;
Ag; = \op;, 1=1,2,3,...n (3.17)
Similarly, left eigenvector ); satisfies the equation;
P;iA=N\;, 1=1,2,3,...n (3.18)
The right and left eigenvectors are normalized such that,

Yipi =1 (3.19)
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In MATLAB the command,eig gives eigenvalues and eigenvectors.

3.2.3 Mode shape

The right eigenvector represents mode shape, which is relative activity of a state
variable when a particular mode is excited [72]. The magnitude of the elements of ¢,;
give extents of the activities of nth state variables in ith mode, and the angles of the
elements give phase displacements of the state variables with regard to mode. Mode
shape can tell us whether a mode is local mode or inter-area mode. Local modes have
eigenvectors that are dominated by a few variables associated with one generator or a
group of closely connected generators. Inter-area modes have eigenvector components
distributed more equally throughout areas of the system [13]. For inter-area mode,
the phase displacement of § and w states of generators in different areas will be close
to 180 degrees.

3.2.4 Participation factor

The normalized participation factor is given as [12],
|Pin| [ Vnil
Pl = 1=, (3.20)
>~ ||l
k=1

pfr; represents relative participation of kth state variable in ith mode, and vice versa.
For inter-area mode analysis, participation factor is a simple indicator to identify the

generators participating in the mode.

3.2.5 Residue

Residue is a powerful tool for output feedback controller design, and it is extensively
used in this thesis. These are the constant numerators of the transfer function in

(3.14) when it is written in following form,

R R R,
Gls)= ——+ —2+ .+ (3.21)
S—p1 S—P2 $— Dn

A more detailed discussion of the residue concept is presented in Chapter 6.
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3.3 Model validation

8 9 1011

Area | Area [
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Figure 3.9: Four machine two-area test system

A MATLAB and Simulink based program is developed to simulate power system
using the approach presented so far. Time domain simulation results and linear
analysis results obtained from the program is compared with results presented in
(72, 73] using a four machine two-area test system shown in Fig. 3.9. All machines are
equipped with static excitation system and the loads are represented using constant

power model. The system data is adopted from [73] and listed in Appendix B.

3.3.1 Time domain simulation

The time domain simulation results of the two-area test system are presented here.
The system is initially in steady state. At time t=1sec, a three phase ground fault is
applied at bus #7 and the fault is cleared after 100msec. The response of the system
following the fault is plotted in Fig. 3.10, Fig. 3.11, and Fig. 3.12.
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Figure 3.10: Four machine two-area test system time domain simulation results; (a)
Generator active power outputs and (b) generator reactive power outputs, following the
disturbance

D2



10

"] =
1.2
5¢ ] S
L )
HE g 1= FRsRsns
L 3
o i S
: : % 0.8
. o
-5y ) % 06
(O]
- : 0 ; ;
Be 1 1.2 1.4 1.6 1.8 2 0s 1 12 14 16
Time (sec)
(a) (b)

Figure 3.11: Four machine two-area test system time domain simulation results; (a)
Excitation system output and (b) terminal voltage of synchronous generators, following
the disturbances

80

‘ 1.72 sec

=
3]
—_ =
& (3 60f
= 1
el —
3 O 40
& g
S T 20
@ @
[ =
o 5 o
6 g
376 ‘ ‘ ‘ S 5 ‘ ‘ ‘ ‘
2 4 6 8 10 <% 2 4 6 8 10
Time (sec) Time (sec)
(a) (b)

Figure 3.12: Four machine two-area test system time domain simulation results; (a)
Generator speeds, and (b) angle difference between G1 and G3, following the disturbances

Fig. 3.10(a) and Fig. 3.10(b) show the active power output and reactive power
output of synchronous generators following the disturbance. The growing oscillations
indicate that the system is unstable. Also the output of generators in one area
move together which form coherent group of generators. In the two-area system, the
generators G1 and G2 form one group, and G3 and G4 form another group. The
plot of reactive power output of generators is shown in Fig. 3.10(b). The output of
(G2 is much larger than the other generators due to closeness of the generator to the
ground fault. The excitation system outputs and terminal voltages are plotted in Fig.
3.11. The drop of terminal voltage of each generator is proportional to its electrical
distance from the fault.

Fig. 3.12(a) shows the speed of the generators. The instability of the system is
visible in the increasing amplitude of oscillations after every cycle. Fig. 3.12(b) shows

the angle difference between generators G1 and G3. This is one of the best signals
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to view inter-area mode as the generators are part of two coherent groups. The plot

shows an oscillation of frequency 0.58Hz.

3.3.2 Modal analysis

The linear state space model of the two-area system is obtained using the linmod
command. The eigenvalues of the state matrix A are listed in Table. 3.1 which
matches closely with previously published results [72, 73]. Few differences are due to
different excitation system parameter values used. The table also shows the dominant
states of complex eigenvalues having normalized participation factor more than 0.1.

The system has got five pairs of complex eigenvalues. The eigenvalue pairs #7,#8
and #9,#10 represent excitation modes of the system which have participation
from E; and Ey; states of all generators. The mode in #13 to #14 has higher
participation from ¢ and w modes of G1 and G2 which are in Area #1. This is
called local electromechanical mode of Area #1 (LM1). Similarly, the mode in
#15 to #16 has higher participation from 6 and w modes of G3 and G4 which is
local electromechanical mode of Area #2 (LM2). The mode in #17 and #18 has
participation from ¢ and w states of all generators in both the areas, hence called
inter-area mode oscillation(IAM). In this particular system, the generators G1 and
G3 have more participation compared to generators G2 and G4, respectively. This
observation is important while discussing the effect of wind penetration on inter-area
mode in Chapter 5.

The frequency of inter-area mode is 0.59Hz which is same as the oscillation
frequency observed in time domain simulation result shown in Fig. 3.12(b). The
mode shape of the inter-area mode is shown in Table. 3.2. The difference between

mode shape of participating generators at two areas is close to 180 degree.

3.3.3 Damping controller design

In order to demonstrate the damping controller performance, a SVC is placed in the
bus #8. A damping controller is designed using the SVC as actuator and the active
power flow signal between buses #9 and #10 as feedback signal. The controller design
is discussed in Section 6.2.1.

Fig. 3.13 shows the inter-area mode with three operating conditions: without
SVC, with SVC but no damping controller, and with SVC and damping controller.
The plot with o show the eigenvalue of the system without SVC in which the inter-
area mode damping is negative. With the SVC added, plot with x, the system is
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Table 3.1: Eigenvalues of the four machine two-area test system

Serial Eigenvalue Frequency | Damping Dominant
No. (Hz) ratio (%) states
1 -74.70 - - -
2 -74.35 - - -
3 -60.06 - - -
4 -57.76 - - -
5 -37.99 - - -
6 -38.41 - - -
78 |-22.82 £21.251| 3.38 7317 | Eq(0.0)&Efd(0.63) G1
Eq (0.9)&E fd(0.81) G2
Eq (0.83)&E fd(0.75) G3
Eq ()&Efd(0.9) G4
910 | -24.06 + 15.60 |  2.48 83.9 Eq (W&Efd(0.94) G1
Eq (0.88)&E fd(0.83) G2
E ’(0 84)&E £d(0.79) G
q (0. 80)&Efd(0 75) G
11 -12.85 - -
12 -12.41 - - -
13,14 | -0.64 £ 7.08 1.13 9.03 w(0.83)&6(0.8 )
w()&o(1) G
15,16 | -0.62 £ 6.52 1.04 9.50 ©(0.82)&0(0.8 )
w()&o(1) G
17,18 0.03 + 3.70 0.59 -0.75 w()&d(1) G
w(0. 62)&5(0 )
w(95)&6(0.95) G
w(0. 61)&:5(0 61)
19,20 (0,0) - -
21 -4.43 - - -
22 -4.27 - - -
23 -4.31 - - -
24 -4.55 - - -

Table 3.2: Mode shape of inter-area mode in two-area test system

State

a1

0G2

03

dc4

Mode shape

-73.37

-64.08

120.47

118.47
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Figure 3.13: Eigenvalues of four machine two-area test system with SVC; [o] without SVC,
[x] with SVC but no damping control and [*] with SVC and damping controller
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Figure 3.14: Four machine two-area test system time domain simulation results with SVC
based damping controller; Generator active power outputs (a) with SVC but no damping
controller and (b) with SVC and damping controller

stable compared to system without SVC installation. This shows the ability of SVC
to improve the inter-area damping. However, the damping ratio is not sufficient for
a secure operation of the system. With supplementary damping controller, the plot
with * the stability of the system improves further.

The time domain response with and without supplementary damping controller is
plotted in the remaining figures in this chapter. The active power output of the
generators with SVC and no supplementary damping controller is shown in Fig.
3.14(a). Compared to Fig. 3.10(a) which is without SVC, the plot show a damped
oscillation. Fig. 3.14(b) shows the response with supplementary damping controller
in action which shows a good damping performance. The plot of generator speed
without and with damping controller is shown in Fig. 3.15(a) and Fig. 3.15(b),
respectively. The SVC bus voltage and SVC susceptance are plotted in Fig. 3.16(a)
and Fig. 3.16(b), respectively. The flat top of susceptance plot is due to the limit
of SVC. The angle difference between the generators G1 and G3 is plotted in Fig.
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Figure 3.15: Four machine two-area test system time domain simulation results with SVC
based damping controller; Speed of generators (a) with SVC but no damping controller and
(b) with SVC and damping controller
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3.16(c) which shows the improved damping of inter-area mode.

3.4 Chapter summary

Simulation software is vital for power system stability studies. In this research work,
a program is developed in Matlab/Simulink instead of using commercial software
packages. The building blocks and programming approach is presented in this chapter.
The models and parameters for various dynamic components are adopted from [12,
72, 73]. The results match closely with one available in [72, 73]. There are slight
differences in the results due to differences in network structure and excitation system

parameters used®.

LA comparison with results available in page 815 of [72] and page 328 of [73], for their respective
parameters were carried out separately and obtained a one to one match.
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Chapter 4

Modeling of wind turbine

generator system

This chapter discusses different modeling principles for wind turbine generator
(WTG) systems used in this work. The WTG systems in service can be classified

into four main types,
e Type-1: fixed speed induction generator
e Type-2 : variable rotor resistance induction generator
e Type-3 : variable speed, doubly fed induction generator (DFIG)
e Type-4 : variable speed generator with full converter interface (FC)

The earlier wind generators were Type-1 machines formed of fixed speed squirrel
cage induction generator and operate at fixed speed. The output power beyond rated
speed is regulated using either stall or pitch control. The Type-2 machines are made of
wound rotor type induction machines with variable rotor resistance. They can operate
over larger slip range compared to Type-1 machines. Both for Type-1 and Type-2,
machines capacitor banks are provided to support reactive power requirement.

Large scale wind farms use Type-3 or Type-4 WTG system which are variable
speed machines. Power electronics converters play a major role in operation of these
machines. In future, majority of power produced through wind will be supplied by
these machines. Hence the work presented in this thesis uses Type-3 and Type-4
machines for dynamic simulation.

Fig. 4.1 shows schematic representation of Type-3 and Type-4 WTG systems.
Type-3 machines consist of a doubly fed induction generator with wound rotor. The

rotor is fed with a non-zero voltage at slip frequency through an ac-dc-ac voltage
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Figure 4.1: Schematic diagram of Type-3 and Type-4 WTG systems

source converter to achieve variable speed operation. The stator is directly coupled
to power system. The rotor side converter (RSC) provides decoupled control of stator
active and reactive power. It is rated only for part of the stator power as the rotor
power is proportional to the slip which is around 30%.

The dynamics performance of the system is governed by the dynamics of the
induction generator and the converters. Since the converters respond much faster
than the machine during transient time period, the converter dynamics dominates
the WTG performance characteristics from the grid perspective. But stator dynamics
are important for unbalanced fault response.

Type-4 machines are connected to power system through a full converter which
shields the generator speed from system frequency. Hence a wide range of operating
speed is possible for this type of machines. Generally permanent magnet synchronous
machines are used in Type-4 WTGs. The converters in Type-4 machine need to
be rated to 100% since full stator power passes through the converter. Like Type-3
machines, the dynamic performance of Type-4 machines is dominated by the converter

dynamics in transient time period.

4.1 Wind farm modeling

Unlike conventional generators, a wind farm consists of many small wind turbine
generators connected to main grid through a collector system network. A complete
wind farm modeling involves representation of individual WTGs and collector system
which can be used to study issues of local interest [80]. However, such model will be
too complex to use for stability studies. In order to reduce complexity, wind farm can
be represented using one or few WTGs. This type of modeling, aggregate modeling,
is found to be adequate for studying integration of large wind farms into the power
system replicating a general dynamic behavior of a wind farm at the connection
point [81, 82]. Wind characteristics and wind farm structure play a major role in

the complexity of wind farm model. Due to the wake effect, the change in wind
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speed at a turbine due to preceding turbine, output of different WTGs in a wind
farm differs. WTGs of similar output can be aggregated and represented as a single
machine. It is shown that more than one WTG may be needed to represent wind farm
dynamics depending on wind speed and wind direction [83, 84] to account for the wake
effect. Also for large wind farms, feeder length from the point of common coupling to
individual WTGs can be significantly different which can cause differences in response
of individual WTGs to system fault. A single machine representation may not be
adequate in such situations. However in this thesis, single generator representation is
used for wind farm to reduce the complexity of model. This assumption will limit the
applicability of model only for events in the network, and it cannot reproduce power
system dynamics for events inside wind farm or in the grid very close to wind farm.
It is thought that, for inter-area mode analysis this assumption will not introduce
significant error. In practical scenarios each wind farm modeling requires further

analysis of wind characteristics and feeder structure to make a valid and simplified

model.
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) Converter
Wind input - Aerodynami Shaf_t | Generator » control
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Wind velocity T Rotor mechanical Generator Yoltage, power
direction orque power Electrical power

Figure 4.2: Block diagram representation of wind turbine generator system

Fig. 4.2 shows detailed schematic block diagram of a wind turbine generator
system. The wind input is a time series representation of wind velocity. Aerodynamics
model includes structure of wind farm, wake effect model, C}, curve of wind turbine
and turbine blade dynamics. Shaft dynamics is represented using a two mass model
or single mass model of turbine generator system. Generator block includes detailed
flux dynamic equations of generator. Either rotor control block for DFIG or converter
control block for FC is used. Protection logic may be included depending on the
simulation objectives. Depending on the application, complexity of the model can be
reduced by removing or simplifying some blocks.

Two types of modeling approaches are discussed in this chapter. First one is
a detailed model where machine flux dynamics of induction generator is modeled.

The model is useful to study the interaction of WTG with power system. Since
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the model includes representation of induction generator flux dynamics, they are
very complex. Including several such models to represent each wind farm will make
the program computationally intensive. Hence their use in this thesis is limited to
system having one WTG. The modeling details and parameters for this model are
adopted from [85]. The results obtained from MATLAB/Simulink are compared
with reported results in [85]. Second model is generic WTG model which uses an
algebraic representation of the machine. These are simple models which are used
when several wind farms are present in a system. It can be used for large scale system
integration studies and dynamic stability analysis. Since machine flux dynamics are
not included, these models cannot represent WTG internal dynamics. Two types
of generic models, Type-3 and Type-4, representing DFIG and FC type WTG,
respectively are explained. The modeling details for generic WTG models are adopted
from [86]. The MATLAB/Simulink program results for generic WTG models are

FTM

compared with time domain simulation results obtained from GE’s PSL software

which uses the same model.

Test systems

The WTG models are programmed using MATLAB/Simulink. The results are
presented using two test systems, a SMIB system and two-area test system shown
in Fig. 4.3 and Fig. 4.4, respectively. The generic WTG model results using
MATLAB/Simulink are compared against GEs PSLF™ software. In PSLF™
simulation set up, the infinite bus generator is represented using GENSAL model
with predefined voltage and frequency, and for two-area system the synchronous
generators were represented using GENROU model [87]. The parameters of the WTG
are detailed in Appendix D.

Pe=10% Infinite Wind Farm Wind Farm WTG WTiz Pe=100.5
Og=25 Bus H5 L5 Terminal Og=3.0
@ |I - | | = | 4 ~

_J
FL=200 I 2415 kv 236.4 Ky 35k 35.43 kv 619

O.L=E|

Figure 4.3: Single machine infinite bus test system
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Figure 4.4: Two-area system with wind farm

4.2 Detailed WTG model

A detailed model of Type-3 WTG system is presented in this section. The system
contains a doubly fed induction generator directly coupled to the grid. The primary
purpose of the model is to assess the impact of WTGs on inter-area mode damping.
The wind velocity, hence the mechanical input power, is assumed to be constant
during the course of simulation. This assumption will not effect the stability
characteristics of power system. However, the program cannot simulate the effects of
sudden variation in wind velocity. Also, the grid side converter is assumed to have
unity power factor such that no reactive power is exchanged through the grid side

converter to power system.
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Figure 4.5: Block diagram representation of Detailed WTG model

4.2.1 DAE equations

Fig. 4.5 shows the internal block diagram of WTG system simulation. The modeling

approach and equations are adopted from [85].
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Figure 4.6: Wind speed-power output curve of WT'G system

Fig. 4.6 shows typical wind speed vs. output power curve of a WTG system which
operates in specific speed ranges. Extractable power is produced between cut in wind
speed and cut out wind speed. The cut in wind speed is the speed at which turbine
starts to rotate and produce power. This is around 3ms™. As wind speed increases
WTG output increases until it reaches rated power output at around 13ms™. This
region is called sub-rated regime of operation and the turbine blade pitch angle is
held to zero during this region to extract maximum wind power. Above this wind
speed is called rated regime, WTG produces rated output power and turbine blade
pitch angle is controlled to regulate turbine speed. WTG can safely operate until cut
out wind speed of around 25ms™ at which point it is shut down to protect it from
structural damage.

The DAE equations of the WTG are listed below in the order of block in the Fig.
4.5. The control structure of pitch angle controller and actuator is shown in Fig 4.7.
Where, w, and [ represent rotor speed and pitch angle respectively. The pitch angle
regulator is activated during the rated regime of operation. During sub-rated regime

the pitch angle of blade is set to zero in order to extract maximum wind power.

| Bmax | Bmax
W_e F K B D 1 B
ar of ead | _ | Rate
Ko+ sT @ ? zone [ | limit o >

- ar 5

Wy _] Bn’lin_]

Figure 4.7: Pitch control and actuator model of WTG

The turbine algebraic loop computes mechanical torque produced by wind turbines
using (4.2).
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P, = 05p7R*C, (), B) v (4.1)
P,

T = =t 4.2

= (4.2)

The C), is the performance coefficient of turbine and for accurate results manufacturers
supplied curves should be used. However for academic purposes (4.3) can be used.
R, p, A\, w; and v,, represent blade length, air density, tip speed ratio, turbine speed

and wind velocity respectively.

c CaC .
GO = a3l ap-ast ) (43)
—C7 C7Cq
exp <A+Csﬁ +ﬁ3+1) + 10
th
A= — 4.4
- (4.4)

The turbine generator model represents torque-angle loop of the turbine generator
system. In this thesis, it is represented using a two mass model. A single mass model
representation is also reported in the literature. Equations (4.5) to (4.7) represents
this block.

d 1 d

—w, = ——(kby, +c—0,, — T, 4.5
at” 2Hg( ST ) (4.5)
d

Eetw = welB(wt - wr) (46)
d 1 d

o = o (T~ kO — e 4
it 2Ht( R (47)

where,
Te : electrical torque
Tt : turbine torque
01, : equivalent twist angle of drive train shaft
H, : WTG generator inertia
H, : WTG turbine inertia
wei © WTG base speed
K : drive train shaft stiffness

¢ : drive train damping coefficient
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The optimum power tracking control is active during sub-rated regime of

operation. The reference torque is related to rotor speed by 4.8).

2
Te,ref - Koptwr

Kopt -

The equations (4.11) to (4.27)

/ ’

L. d , w,.e
s . . . qs
———igs = —Ritgs+wsligs + —
WelB dt Ws
! !
L. d , wy€e
s . . . r€ds
—lds = _Rllds - wsLszqs +
WelB dt Ws
! !
Ls d ’ qs Wy 1
—e€,s = Ralgs —
WelB dt wSTT Ws
!
Ls d . Roi ds
ds 20qs
WelB dt STT

where,

0.507 R Chpmaz /A

3
opt

represent the machine stator equations.

/
e
ds
— = — Ugs + Kmrrvqr
wsTr
/
e
qs
— Vgs + Kmrrvdr
wsTr

Wy

S

+ (]' - _)eds - Kmrrvdr

— (1 — w—>€;s + Kmrrvqr

igs and 145, quadrature and direct axis components of stator current

tgr and 44, quadrature and direct axis components of rotor current

vgs and vy, quadrature and direct axis components of stator voltage

vgr and vg,, quadrature and direct axis components of rotor voltage

qs

impedance

Ry = Rs + Ry

Ry = Kgnrr + R,
2 _ Lm

Kmrr — Ly»

/ / . .
e,s and ey, quadrature and direct components equiv.

. €ds .
g = _( ) - Kmrrlqs
X

!
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m
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where,

Qtot -

/quiqs + /Udsids
/Uqriqr + /Udridr

P, + P,

_quids + Udsiqs
_Uqridr + Udriqr
Qs + Qasc = Qs

Loy (igsiar — idsig)

P, and P, stator and rotor active power

Qs and @), stator and rotor reactive power

Qasc grid side converter reactive power

Q, I
Qs,re}f

Figure 4.8: Schematic diagram of rotor side converter of WTG
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The rotor side converter consists of two decoupled loops with each loop made

of two PI controllers in cascade as shown in Fig. 4.8. The slower outer loop does

electrical torque and reactive power control, and produces set point for faster inner

loop control. Either reactive power control or terminal voltage control can be achieved

by changing the input accordingly in the RSC.

4.2.2 Initialization and simulation

The steady state equations of the machine given by (4.24) to (4.27) are derived

from the DAE equations by setting derivative terms to zero. This set of equations
along with (4.19), (4.20), and (4.23) are used to find the initial condition of WTG

model. The steps for the machine stator equation block initialization are listed below.
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The other blocks contain simple first order or second order equations which can be

initialized using the procedure explained in Appendix A.

Vgs = —Rsigs + Ws(Lssias + Lmiar) (4.24)
Vgs = —Ryigs — Ws(Lssiqs + Liniqr) (4.25)
Vgr = —Ryigr + sws(Lyriar + Lintas) (4.26)
Vir = —Ryigr — Sws(Lssiqr + Linigs) (4.27)

e From power flow solution, find vy =V, vgs = 0, Pyt = Py, and Qior = Qs = Q.
The grid side converter is assumed to have unity power factor and no reactive

power is exchanged through it, i.e. Qgsc = 0.

e If the machine is operating in sub-rated condition, solve (4.24) to (4.27) together
with (4.19), (4.20), and (4.23). The electrical torque is given by the (4.8). This

forms a set of 7 equations with 7 unknowns (igs, ids, igr, Ldrs Vgrs Vdrs Wr). -

e If the machine is operating in rated condition, solve (4.24) to (4.27) together
with (4.19) and (4.20). The speed w, = W, qteq.- This forms a set of 6 equations

with 6 unknowns (igs, ids, igr, idrs Vgr, Vdr)-

4.2.3 Simulation results

This section presents time domain results for the DFIG model using two test systems.
Fig. 4.9, Fig. 4.10, and Fig. 4.11 show response of DFIG connected to an infinite
bus to various system faults. Fig. 4.9 shows response of DFIG to a step change
in the infinite bus voltage. The subplots are DFIG terminal voltage, infinite bus
voltage, DFIG active power output and DFIG reactive power output. As the DFIG
terminal voltage falls, the voltage control loop comes into action and tries to restore
the voltage by injecting additional reactive power. The response time depends on the
RSC parameters. The active power output show only a small change which account
for change in terminal voltage. This shows the decoupled control of active and reactive
power of the machine.

Fig. 4.10 shows the response of DFIG voltage controller. The terminal voltage
reference input is changed from 1.03pu to 1.05pu at time t=1sec. The infinite bus
voltage is held constant during this simulation. The DFIG bus voltage changes to
new value within 1sec by injecting additional reactive power output. In this case also,

active power output is not affected significantly.
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Figure 4.9: Simulation results of SMIB system using detailed WTG model: Response to
step change to infinite bus voltage. Plots show DFGI bus voltage, infinite bus voltage,
DFIG active power output, and DFIG reactive power output
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Figure 4.10: Simulation results of SMIB system using detailed WTG model: Response to

step change to voltage reference input. Plots show DFIG bus voltage, infinite bus voltage,
DFIG active power output, and DFIG reactive power output
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Fig. 4.11 shows the response of the DFIG following a three phase to ground fault
at infinite bus. Because of the ground fault, the voltage at infinite bus goes to zero
which brings DFIG terminal voltage to around 0.5pu. The voltage controller comes
into action and injects additional reactive power to restore the voltage. Also the
active power output follows voltage variation. The three simulation cases shows the
effect of decoupled control of DFIG.
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Figure 4.11: Simulation results of SMIB system using detailed WTG model: Response to a
three phase fault at infinite bus. Plots show DFIG bus voltage, infinite bus voltage, DFIG
active power output, and DFIG reactive power output

Fig. 4.12 and Fig. 4.14 show time domain response of a two-area test system with
DFIG. One of the synchronous machine, G4 is removed from the network for this
simulation. A three phase to ground fault is applied at time t=1sec for a duration of
three cycles, at bus #7. The active and reactive power output of three synchronous
generators and the DFIG are shown the figures. During the fault, a sudden change
is observed in the outputs indicated by the spikes. However, that time scale is not
important in this study. Following the disturbance, a damped oscillation is visible
in active and reactive power outputs of synchronous machines. No oscillations are
observed in DFIG output as it is controlled by the converter. The inter-area oscillation
is captured in the rotor angle between generator G1 and G3 as shown in Fig. 4.14
with a frequency close to 0.68Hz. The results follow closely with previously published
results [85].
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Figure 4.12: Response of two-area test system using detailed WT'G model to a three phase
fault: Active power output of generators.
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Figure 4.13: Response of two-area test system using detailed WTG model to a three phase
fault: Reactive power output of generators.
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Figure 4.14: Response of two-area test system using detailed WT'G model to a three phase
fault: Angle difference between G1 and G3

4.2.4 Modal analysis

The state space representation of the two-area system with the DFIG is obtained from
MATLAB/Simulink program. The Table 4.1 shows the complex eigenvalues of the
state matrix, along with frequency, damping ratio and dominant states participating
in the mode. The states having normalized participation factor of more than 0.1
is included in the list. The system has six pairs of complex eigenvalues. The
participation factor analysis shows that, two of the complex eigenvalues are related
to DFIG whereas other four are related to synchronous machines. No eigenvalues has
participation from both type of generators.

The mode #1 with a frequency close to 50Hz is related to rotor electrical dynamics
of DFIG. Its damping ratio is highly dependent on the rotor controller parameters.
The mode #2 and #3 are the excitation modes of synchronous machines. The mode
#4 is another mode which is related to DFIG dynamics. The states which have higher
participation to this mode are w, & #,,, and the mode is named as torsional mode
of DFIG. The other modes, local and inter-area mode, are related to synchronous
machine similar to the one described in the previous chapter. The important point to
note is the absence of one of the local modes and improved damping of inter-area mode
frequency. It is to be noted that, the inter-area mode continues to be a characteristic
of synchronous machine. Though the damping ratio changed in presence of DFIG, it
has participation only from the states of synchronous machines. This is because the
fast converter dynamics in DFIG effectively shields the machine dynamics from the
rest of the power system.

This follows that the DFIG type WTG system does not participate in the inter-

area mode damping. However their presence influence the damping ratio of this mode.
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Table 4.1: Complex eigenvalues of two-area test system with detailed WT'G model

Serial Eigenvalue Frequency | Damping Dominant
No. (Hz) ratio (%) states
1 —12.8 4+ 328i 52.24 3.9 E,, & E,,, DFIG
2 | —234+£19.7i 3.14 76.38 | E, & Epq of G1 to G3
3 | —243+13.2 2.11 87.79 | E,&Fy of G1 to G3
4 —2.14+11.2% 1.78 18.82 wy & by, of DFIG
5 —6.3£6.7: 1.07 9.32 w&d of G1 to G2
6 —0.003 +4.32: 0.68 0.001 w&d of G1 to G3

Hence it is not necessary to model the machine dynamics of WTG system in order
to study inter-area oscillations. The modeling details of more generic Type-3 and

Type-4 WTG system are explained below.

4.3 Generic wind turbine models

In previous section, it is shown that the wind farm does not participate in the inter-
area oscillation mode. The response of the wind farm to external disturbances in
transient time period is dominated by the power converter dynamics with independent
control of active and reactive power. It also aids the machine to operate in wide range
of speed. Hence it is not essential to model the wind generator in details in order
to analyze the inter-area oscillation mode. Also, the detailed model requires internal
data of generators and turbines which are not readily available. Hence it is difficult
to match the model results with actual wind farm dynamics.

An alternative is the generic WT'G model proposed by WECC which can be used
to model wind farms of different manufacturers [86]. These are reduced order positive
sequence models intended to study the response of the system for faults happening
in the grid. The machine flux dynamics are not included in this model but emulates
the performance of a wind farm to external disturbances. However the model is not
suitable for studying dynamics of power systems to events inside the wind farm or
interaction of DFIG machine and the power system. The modeling of Type-3 and
Type-4 WTG system is described here.

4.3.1 Type-3 WTG model: doubly fed asynchronous gener-

ator with rotor side converter

Fig. 4.15 shows the functional blocks of Type-3 WTG model namely [86],
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Figure 4.15: Schematic representation of generic Type-3 WTG model

The Generator converter model represents the generator and power converter of
the wind farm. Unlike conventional models, this model does not contain any flux
dynamics or rotor dynamics. The rotor dynamics is represented in wind turbine
model. The resulting model represents an algebraic controlled current source that
computes the required current injection into the network in response to the flux
and active current commands from the converter control model. Fig. 4.16 shows
the internal block diagram of the model. The converter control model contains
decoupled active and reactive power control loops. Fig. 4.17 shows the reactive power
control loop with wind farm reactive power control emulator and power factor control
regulator. Depending on the settings of varflg wind farm can be operated in constant
reactive power mode, constant power factor angle mode, or voltage regulation mode
by a wind farm reactive power controller. The V., input can be used to modulate
the wind farm voltage control reference input for damping improvement.

Fig. 4.18 shows the active power control loop of the wind farm. The non-linear
function, f(Pyen) is used to model desired WTG speed as a function of the power

level. In this thesis (4.28) with upper and lower limits is used to represent f(Pye,).
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Figure 4.16: Generator converter model of generic type-3 WTG model

Figure 4.17: Reactive power control loop of generic type-3 WTG model

Wref = f (Pyen) = —0.6052P2, + 1.3416 P,,, + 0.5369 (4.28)

gen

if Weep > 1.2 wpep =12
if  Wyep > 0.76 wyep = 0.76

This approximation means that, the simulation may not give correct results if the
wind speed, hence generator output, is close to cut in speed.
Fig. 4.20 and Fig. 4.19 show the wind turbine model and pitch control model.

The parameters of wind farm model used in this thesis are listed in Appendix D.

4.3.2 Simulation of SMIB system with Type-3 WTG

The model is implemented using MATLAB and Simulink software, and combined with
other power system models to develop the multimachine simulation program. The
time domain response obtained from the program is compared with GE’s PSLFE™,
a commercial software. For Simulink program the infinite bus in the SMIB system is
assumed as a load bus. Whereas in PSLF™ it is represented using GENSAL model

with a predefined bus voltage and frequency [87].
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Figure 4.19: Pitch angle control loop of type-3 WTG model

Fig. 4.21 to Fig. 4.23 shows the results of SMIB simulation under the following

test conditions.
e Fig. 4.21 Step change in infinite bus voltage
e Fig. 4.22 Step change in DFIG voltage reference input
e Fig. 4.23 Three phase fault at infinite bus

The dotted line shows PSLF™ simulation results and solid line shows the
MATLAB simulation results. A small off-set is provided for PSLF™ plots to
distinguish from the other plot. The plots are alike except for the three phase fault
in Fig. 4.23. In this case, because of sudden dip in terminal voltage, converter
protection logic come into play. However, the programming logic used for this
protection function in the PSLF is not included in MATLAB program and PSLF
simulation has synchronous generator at infinite bus where as in MATLAB it is load
bus. This causes a difference in plots during and shortly after the fault. This time
period is not important for the small signal stability analysis and the results matches
for transient time period. Hence program developed in MATLAB can be used to
small signal stability analysis.

It can be seen that, both the plots are alike with one to one correspondence.
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Figure 4.20: Turbine model of type-3 WTG model
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Figure 4.21: Simulation results of SMIB system using detailed WTG model: Response to
step change in infinite bus voltage. Plots show DFIG bus voltage, infinite bus voltage,
DFIG active power output, and DFIG reactive power output. Dotted line-PSLF™ result,
solid line-MATLAB results. A dc off-set is given to PSLF™ results to distinguish between

the two plots.
4.3.3 Type-4 WTG model: Variable speed generators with

full converter interface

Fig. 4.24 shows the functional blocks of Type-4 WTG model with two internal blocks

namely,

e Converter model

e Converter control model

The details of this model is shown in Fig. 4.25 to Fig. 4.20. The model has only
slight difference to Type-3 model. The input to generator converter model is active
and reactive current command whereas Type-3 model has flux command. The reactive
power control loop in converter control model is more or less similar in Type-3 and
Type-4 model. However active power control model is different in Type-4 which

includes models to emulate turbine performance.
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Figure 4.22: Simulation results of SMIB system using detailed WTG model: Response to
step change in terminal voltage controller reference input. Plots show DFIG bus voltage,
infinite bus voltage, DFIG active power output, and DFIG reactive power output. Dotted
line-PSLE™ result, solid line-MATLAB results. A dc off-set is given to PSLFT™ results
to distinguish between the two plots.
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Figure 4.23: Simulation results of SMIB system using detailed WTG model: Response to a
three phase fault at infinite bus. Plots show DFIG bus voltage, infinite bus voltage, DFIG
active power output, and DFIG reactive power output. Dotted line-PSLF™ result, solid
line-MATLAB results. A dc off-set is given to PSLFT™ results to distinguish between the

two plots.
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Figure 4.25: Generator converter model of generic Type-4 WTG model

4.3.4 Simulation of SMIB system with Type-4 WTG

Fig. 4.28 shows the SMIB simulation result of Type-4 model using MATLAB and
PSLE™. A step change is applied to the infinite bus voltage from time t=1sec to
t=1.5sec. As the system recovers, the terminal voltage controller reference input
is changed from 1.03pu to 1.05pu at time t = 5sec. Both MATLAB and PSLF™

simulation show similar results during the simulation.

4.3.5 Two-area system with WTG

A WTG is connected to the two-area test system as shown in Fig. 4.4. The generator
G4 is removed from the network to balance the load. The synchronous machines
are represented using transient model in MATLAB/Simulink program. However, a
directly comparable model is not available in PSLF™ library. The GENROU model
(Solid rotor generator represented by equal mutual inductance rotor modeling) is
used for synchronous machines [87]. Hence, a point to point comparison of two
time domain simulation results for multi-machine case is not accurate. However, a
qualitative comparison is still possible.

The Fig. 4.29 shows the result obtained from the two-area test system with
the DFIG represented using Type-3 WTG model. The active power output of the
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Figure 4.27: Active power control loop of generic Type-4 WTG model

three synchronous generators and the DFIG following a disturbance are shown in
the figure. As noted before, the time domain simulation results using MATLAB

F™ are not similar. However, a similar behavior in transient time

program and PSL
period is observed. Oscillations in inter-area mode frequency region is observed only
in synchronous generator outputs. The oscillations in both simulation results damp
more or less in similar time. The DFIG output is held constant soon after the fault
because of the converter control action. A magnified view of the plot during the fault
is shown in Fig. 4.30. Though MATLAB simulation using transient model is not
accurate during this period, they both show a similar trend. The important point to
note here is the response of DFIG which shows no oscillatory behavior once the fault

is removed. Only the synchronous generators participate in some kind of oscillations.

Modal analysis

State space representations of two-area test system with a wind farm using both Type-
3 and Type-4 WTG model are obtained from MATLAB simulation. The synchronous
generator G4 is removed from the network in order to balance the load. The Tables
4.2 and 4.3 show the complex eigenvalues of the state matrix of the system using
Type-3 and Type-4 WTG model, respectively. Modes #1 to #3 in both tables are
excitation modes of the generators. The modes also have participation from reactive
power control loop of WTG generators. Mode #4 is local mode of area #1 and

mode #5 is the inter-area mode. The mode #6 in Table 4.3 relates to reactive power
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Figure 4.28: Simulation results of SMIB system using Type-4 WTG model: Response to a
step change in infinite bus voltage and a step change in voltage controller reference input.
Plots show DFIG bus voltage, infinite bus voltage, DFIG active power output, and DFIG
reactive power output. Dotted line-PSLFT™™ result, solid line-MATLAB results.

control loop of WTG. It is observed that the electromechanical modes (mode #4
and #5 ) have participation only from synchronous machines. Also note the equal
damping ratio of the inter-area mode in two tables. It show that the damping ratio

is independent of DFIG model used.

4.4 Chapter summary

This chapter presents different WTG modeling approaches such as detailed and
generic WT'G models. Both the models are programmed using MATLAB/Simulink
software. The results for generic WT'G modes are compared with the results obtained
from GE’s PSLE™ software. The detailed model having machine flux dynamics is
useful to study the interaction of WTG with system. It is, however a complex model
which will increase the computational cost if system contains many wind farms. The
generic wind turbine model, simple but does not include machine flux dynamics, is
useful to study very large systems with many wind farms. They can represent general
behavior of wind farm to power system events but cannot simulate interaction of WTG
with system. The simulation results presented in this chapter show that the WTGs
does not participate in inter-area mode oscillations. However their presence influence
the damping of inter-area mode due to change in dynamic characteristics of power
system. It is also noted that the use of Type-3 or Type-4 WTG for simulation does

not affect the damping characteristics of the system significantly.
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Figure 4.30: Magnified view of Fig. 4.29 showing response during fault
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Table 4.2: Complex eigenvalues of two-area test system with a Type-3 WTG

Serial | FEigenvalue | Frequency | Damping Dominant states
No. Hz ratio (%) (Normalized PF)
1 | —-23.04232 3.7 70 E, G3 (1), Esq G3(0.9)
E, WTG (0.66), Sp WTG(0.61)
Eg G2 (0.59), Erq G2(0.54)
E, G1 (0.54), Efq G1(0.50)
2 | —24.0+158 2.52 86 E, G1 (1), Efq G1(0.94)
Eg G3 (0.88), Eq G3(0.83)
E, G2 (0.64), Eq G2(0.61)
E, WTG (0.45), Sp WTG(0.42)
3 | —14.1+£238 0.38 98 E, G3 (1), Sy WTG(0.93)
E, WTG (0.51), Ezy G3(0.39)
4 | —1.1245.9i 0.95 18.8 w&6 of G2 (1)
w&o of G1 (0.8)
5 | —0.25+4.5i 0.71 5.55 w&§ of G3 (1)

(
w&d of G1 (0.3)
w&d of G2 (0.12)

Table 4.3: Complex eigenvalues of two-area test system with a Type-4 WTG

Serial | FEigenvalue | Frequency | Damping Dominant states
No. Hz ratio (%) (Normalized PF)
1 | —21.4+45.7i 7.28 42.5 E, (1)& Sy (0.93) of WTG
—24.2418.5 2.95 79 E, G1 (1), Eyq G1(0.95)
E, G2 (0.81), Erq G2(0.77)
3 —18.2£3.49 0.55 98 E; G3 (1), Era G3(0.58)
S1 WTG (0.46)
4 —1.19+£6.5¢ 1.03 18.0 w&d of G2 (1)
w&d of G1 (0.81)
5 —0.25 4 4.561 0.72 5.49 w&d of G3 (1)
w&d of G1 (0.31)
w&d of G2 (0.16)
6 —2.66 4 2.03¢ 0.32 79 Vier (1)&Qema (0.68) of WTG (1)
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Chapter 5

Effect of large scale wind

integration on small signal stability

The wind integration in power systems across the world is not demand driven but
is carried out to increase the contribution of renewable energy in total energy mix.
Since an efficient system for storing electricity is yet to be developed, conventional
generating stations are removed from network or their output is reduced to balance
load. Also the wind farms are located based on wind availability, generally far away
from load center and spread in different parts of the network. This will cause large
variation in power flow pattern in the network depending on the weather conditions.
The chapter discusses the impact of such operating conditions on power system
stability.

Many studies have been reported on the impact of wind penetration on system
damping. These studies are however conducted on various systems and operating
conditions, and hence reports differing view on the impact. Studies in [88, 89, 90|
argue that in general large scale wind integration has no noticeable effect on inter-area
mode stability. The study in [88] uses a New Zealand system, which is relatively small
network. However, some operating conditions are identified that can cause network
congestion leading into deterioration in damping. Study in [89] uses two-area test
system and conclude that the wind integration is not worsening the damping of inter-
area mode. However, the authors express concern about the structural changes in
power system leading to poor damping. The work in [90] uses a 18 node 7 generator
network and shows that the inter-area modes are largely unaffected by the increased
wind integration, with the modal characteristics being almost unchanged. It also
shows that local and plant level control of wind farm influence damping. Studies in

91, 92] using IEEE 9 bus system and a 11 bus test system, respectively, show that
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the damping improved with increased wind penetration whereas [93, 94] show that
damping is decreased with increased wind penetration. An Australian test system is
used in [94]. However, [95, 96] present results which show both positive and negative
impact due to wind penetration. A study system with 22000 buses is used in [95].
The work presented in [97] discusses the influence of wind farm reactive power control
scheme on rotor angle stability of synchronous generators.

These differences are expected as the wind generator’s influence on damping
depends on many factors such as location of wind farm, its internal control systems,
power flow in the network, and whether synchronous generators are replaced and
did they have PSS. However a more clear understanding is essential to control the
inter-area mode oscillations. This study attempts to make qualitative understanding
about the impact of wind generators on the damping. The chapter is organized into
two sections. In the first section, the two-area test system with an additional wind
generator is used. Different possible operating scenarios of the system are generated,
and model analysis is carried out to study the inter-area mode. The variation in
damping of inter-area mode with different factors in the network is analyzed. In
the second section, a reduced GB network model is used to further emphasize the
conclusions made in the first section.

The Type-3 DFIG model is used to represent WTG in this chapter. However, as
discussed in the previous chapter, choice of the model does not change the behavior
of the system towards inter-area oscillation mode. Studies using other models also

give similar results.

5.1 Study of two-area system
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Figure 5.1: Overview of two-area system with wind farm

The two area system used in this chapter is shown in Fig. 5.1. The details of the
model are same as the four machine system except an additional wind farm in Area-2.

The wind farm has a capacity of T00MW. The wind farm consisting of several WTGs
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and collector system is represented using a single machine aggregate model with a
transformer. However, single machine model may not be sufficient for representing
such large wind farms for all wind velocities and wind directions. However in the
absence of those information, a single machine model can be used with caution [98].

Wind farm parameters in pu are included in Appendix D.

5.1.1 Wind farm having equal capacity as one of the syn-

chronous generators

The wind farm used in this study have the same capacity as the synchronous
generators. This means that one of the synchronous generators can be replaced when
wind farm is operating in its full capacity. Different possible operating scenarios are
generated by varying output from generators. Table. 5.1 lists nine possible operating
cases generated with 100% wind generation and different thermal generation output.
The load remain constants for all the operating conditions.

The table lists these operating conditions of the system with their inter-area
mode and local mode characteristics. Case-1 is the base case which is the original
four machine two-area system without DFIG. Case-2, Case-3, Case-4 and Case-5
have DFIG with four synchronous generators. The output of synchronous generator
is reduced to balance the load. For remaining four cases, one of the synchronous
generators is removed to balance the load.

Case-1 represents the base case having an inter-area mode with negative damping.
The participation factor analysis shows a higher participation from generators G1
and G3 compared to generators G2 and G4. The base case inter-area power flow is,
Pra = 4pu (+ve for area-1 to area-2). In Case-2, the DFIG injects power in area-2
and the load is balanced by reducing synchronous generator output from G2 and G4
in both areas. This reduces the inter-area power flow to Pr4 ~ 0.6pu and the inter-
area mode damping improves. The Case-3 is similar to Case-2, but the outputs of
generators G1 and G3 are reduced. The damping is further improved, though the
inter-area power flow is almost same as the previous case. This is because, in Case-3
the generators having more participation to inter-area mode, G1 and G3, has less
generation.

For Case-4, the load is balanced by reducing the output from generators G1
and G2, which will reverse the inter-area power flow, P;4 &~ —2.5. In this case, all
synchronous generators in area-1, especially G1 is running half of its capacity. The

damping of inter-area mode is improved compared to the base case. The Case-5
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Table 5.1: Impact of wind penetration on the stability of two-area test system; wind farm
capacity equals one of the synchronous generators’. Inter-area and local modes of two area
test system for nine operating conditions generated by increasing wind penetration and
varying synchronous generator output.

Cases Generators IAM LM, A-1 LM, A-2
Frequ-|Damp- |Frequ-| Damp- [Frequ-| Damp-
ency |ing ra-| ency |ing ra-| ency |ing ra-
(Hz) |tio (%)| (Hz) [tio (%)| (Hz) [tio (%)
G1, G2,
Case-1 G3, G4 (7pu) 0.622 | -0.31 | 1.039| 9.54 |1.036| 8.84
no DFIG
G1, G3 (Tpu),
Case-2| G2, G4 (3.5pu) [0.629| 3.97 [0.965| 16.14 | 1.057 | 14.13
DFIG (7pu)

G1, G3 (3.5pu),
Case-3 G2, G4 (Tpu) 0.621| 5.62 |10.993| 14.38 | 1.066 | 13.11
DFIG (7pu)
G1, G2 (3.5pu),
Case-4 G3, G4 (Tpu) 0.584| 5.09 [0.891 | 22.84 | 1.132| 8.31
DFIG (7pu)
G1, G2 (7pu),
Case-5| G3, G4 (3.5pu) [0.602| 3.30 |[1.039| 9.60 |0.984| 20.20
DFIG (7pu)

G1 (Opu), G2 (7pu),
Case-6|  G3, G4 (Tpu) | 0.710| 4.02 | - - 1132 8.34
DFIG (7pu)

G1 (7pu) G2 (Opu),
Case-7 G3, G4 (Tpu) 0.675| 1.11 - - | 1.132] 8.13
DFIG (7pu)
G1, G2 (7pu),
Case-8/G3 (0Opu), G4 (7pu)|0.739| 2.02 | 1.041| 9.54 - -
DFIG (7pu)
G1, G2 (7pu),
Case-9| G3 (7pu), G4(0pu) |0.702| 0.38 [1.039] 9.55 | - .
DFIG (7pu)
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is similar to the Case-4, but the generators in area-2 is producing less power. The
inter-area power flow is Pr4 =~ 4pu. In this case, though generators in one area
relieved significantly, the inter-area power flow is high and same as that of Case-1.
Hence it did not achieve similar improvement in damping as with Case-4. In all these
four cases, the effective inertia is same as the base case and hence, inter-area mode
frequency is almost constant. The local mode damping is improved with reduction in
corresponding generator output.

In the remaining four cases, one of the synchronous generators is removed and an
increase in the inter-area mode frequency is observed. This is due to the drop in the
effective inertia of the system, as the DFIG practically offers no inertia. In Case-6,
the generator G1 is removed from the network. The inter-area power flow is reversed
due to lower generation at the area-1. The damping is improved in this case. Case-7
is very similar in power flow with Case-6, but G2 is removed instead of G1. The
damping is not as good as in Case-6. This is because in Case-6, generator G1 which
has higher participation to the inter-area mode is removed, whereas in Case-7 it is not
the case. A similar behavior can be observed with Case-8 and Case-9. The Case-
8, where generator G3 having higher participation to inter-area mode is removed,
has higher damping ratio compared to Case-9, where generator G4 is removed. The
damping of Case-8 and Case-9 are comparatively less than that of Case-6 and Case-7,
respectively, due to higher inter-area power flow.

To summarize compare between Case-2 and Case-3, Case-6 and Case-7, and Case-
8 and Case-9. All these pairs have similar power flow between each other. However
the damping ratio of Case-2, Case-6 and Case-8 are higher in their respective pairs,
for different generation profile. This is because, the generators affected in these case
have higher participation compared to other cases. Similar comparison is made for
the frequency of inter-area mode between pairs Case-6 and Case-7, and Case-8 and
Case-9, having similar power flow. The frequency is higher for Case-6 than for Case-
7 and for Case-8 than for Case-9. In Case-6 and Case-8, generators having higher
participation to IAM is removed from the network. This shows a significant influence
of scheduling of generators with higher participation to IAM in the damping.

In order to get a better understanding, a series of analysis with step increase
in wind generation is carried out. Following section explains the methodology and

outcome of this analysis.
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5.1.2 Analysis of two-area system with incremental change

in wind generation

In this section, six sets of analysis (let us call Ezp) are carried out with different
levels of wind penetration. Each set consists of 12 operating conditions where DFIG
output varies from 0.25pu to 3pu in steps of 0.25pu. Under each operating condition,
modal analysis is carried out to obtain eigenvalues. For Exp-1, as the DFIG output
increases, G1 output is reduced to balance the load. Similarly, for Exp-2, Exp-3
and Exp-4, output of G2, G3 and G4 is reduced, respectively. For Exp-5 and Exp-
6, synchronous generator output is held constant. Instead, the load is increased
with increased wind generation. For Exp-5 and Exp-6, the load at Bus 7 and Bus
9 are increased, respectively. The inter-area mode variation for all these operating

conditions are plotted in Fig. 5.3.
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Figure 5.2: Inter-area mode shift for incremental change in wind penetration in the two
area test system. A: Exp-1, O: Exp-2, x: Exp-3, (O: Exp-4, +: Exp-5, and *: Exp-6.

In Exp-1, the generator G1l’s output is reduced to allow increased DFIG
generation for the same load, which results in drop in inter-area power flow. Also
note that, G1 is one of the generators having higher participation to the inter-area
mode. As seen from the eigenvalue plot (A’s), the damping of the mode improves
with increase in wind penetration. The Exp-2’s pattern of inter-area power flow ({’s)
is almost similar to Exp-1. But the improvement in damping for Exp-2 is not as good
as Exp-1. The participation of G2 in the inter-area mode is less than that of G1. This
result reiterates the conclusion made in the previous section. However in Exp-1 and
Exp-2, inter-area power flow changes in each steps which will also influence damping.

For Exp-3 (x’s) and Exp-4 (()’s), the inter-area power flow does not change

significantly. The improvement in damping is due to relief on the synchronous
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generator participating in the mode. As seen from the figure, Exp-3, where G3
output is reduced, gives a better damping than Exp-4, where G4 output is reduced.

Two factors are important here. (1) the effect of change in inter-area power flow,
and (2) effect of change in generation participating in the IAM. If Exp-1 and Exp-
2 are compared with Exp-3 and Exp-4, respectively, effect of these two factors can
be separated. It is concluded that, the change in output of generators participating
in inter-area mode will shift inter-area mode in horizontal direction and a change
in inter-area power flow will shift the eigenvalues in vertical direction, in eigenplane.
However, increasing the wind penetration in practical systems will affect these factors
in different proportions.

In the last two cases, Exp-5 and Exp-6 the synchronous generator outputs are
held constant while the extra generation from the wind is used to cater for an increased
load. For Exp-5 (+’s), load at Bus-7 is increased which reduces the inter-area power
flow and for Exp-6, load at Bus-9 is reduced which keeps the inter-area power flow
almost constant. The movement of eigenvalues in both the cases are in opposite
direction which reiterates the possible increase in inter-area mode frequency (shift in
vertical direction) with increase in inter-area power flow.

The results show that, the effect of increased wind penetration on the inter-area
mode is a complex phenomenon. Three factors are discussed in this section; change
in output of generators participating in IAM, change in inter-area power flow, and
the removal of synchronous generators from the network. With large scale wind
penetration, these factors can occur concurrently, hence it will be difficult to quantify
the change in damping. In the Section 5.3, the conclusions made so far are evaluated

using a reduced GB network mode.

5.1.3 Effect of wind integration on power system damping

controllers

As discussed in previous section, increased wind integration is associated with changes
in scheduling of conventional generator output which may result in widely varying
operating conditions in the system. This section discusses the effect of such changes
in the effectiveness of damping controller.

In Chapter 3, a damping controller is designed for two-area test system using the
SVC as actuator and active power flow through line connecting buses 9 and 10 as
input. The residue for the transfer function between the controller input and actuator

reference input is an important factor in controller design.
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Figure 5.3: Impact of wind penetration on modal residue; Representation of residue for
the transfer function between the SVC reference input and output signal, active power flow
signal between buses #9 and #10, for nine operating conditions of two-area system

Fig. 5.3 represents the residue for the nine operating conditions discussed in Table
5.1. The length of line is proportional to the magnitude of residue in each case and
direction of line shows the angle of residue. The magnitude and angle of the residue
vary considerably for different operating conditions!. In damping controller design
it is assumed that the angle of residue may not change significantly [99]. Hence,
the phase angle of the controller is designed initially and controller magnitude is
optimized to suit all possible operating condition[32, 47]. With increased penetration
of asynchronous generators and removal of synchronous generators from the system,
this assumption may not be valid for future power systems. If a fixed parameter
controller with constant phase angle is designed for the power system, it will not
give suitable performance, if not detrimental performance. Motivated from this
observation, a robust damping controller approach is presented in Chapter-6 where

robustness is ensured by selecting suitable feedback signals.

Tt should be noted that, the variation in residue for two-area system is too large to be comparable
with practical power system. This is because, the system is very simple with wind farm of capacity
25% of total load. However, the result points towards possible variation in residue in future power
system.
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5.2 Dynamic modeling of GB system

5.2.1 Overview of GB network

The electricity transmission network in Great Britain is owned by three entities
viz. National Grid Electricity Transmission ple (NGET) in the England and wales,
Scottish Power Transmission Limited (SPTL) in the south of Scotland and Scottish
Hydro Electric Transmission Limited (SHETL) in the north of Scotland. These three
network forms the Onshore Transmission System. National Electricity Transmission
System (NETS) comprises of the Onshore Transmission System and the Offshore
Transmission system, which NGET operates.

In general, the Onshore Transmission system is operated in three voltage levels
such as 400kV, 275kV and 132kV. Apart from this, the system is connected to
networks in France, Netherlands, and Northern Ireland through asynchronous link.
It has 85.3GW installed capacity with a peak ACS' demand of ~56GW in 2010 [57].

Table 5.2: National grid forecast for GB electricity generation under “Gone Green”scenario.
Source National Grid, [57]

Generation Type | Capacity (GW) Group
2010/11 | 2020/21

Coal 28.2 14.5 Thermal
Coal (CCS) 0.0 0.6 Thermal
Nuclear 10.8 11.2 Thermal
Gas 31.9 34.7 Thermal
Oil 3.4 0.0 Thermal
Pumped storage 2.7 2.7 Hydro
Wind 3.8 26.8 Wind
Interconnectors 3.3 5.8 Thermal
Hydro 1.1 1.1 Hydro
Biomass 0.0 1.6 Thermal
Marine 0.0 1.4 Hydro
Total 85.3 100.5

5.2.2 Future scenarios in GB network

The GB has ambitious plans for renewable generation for future in order to match the
renewable obligations under EU treaty. A majority share of new renewable generation

will come from renewable generators, mainly from wind, CCGT plants and nuclear.

L Average cold spell correction
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Table 5.3: Change in generation across different group of generators in GB system

Generation/Load | National Grid Data(GW) | Reduced Grid Data (GW)
2010/11 | 2020/21 | Ratio | 2010/11 2020/21
Thermal 77.6 68.4 0.88 69.82 61.54
Hydro 3.8 5.2 1.36 2.65 3.63
Wind 3.8 26.8 7.05 2.53 17.85
Total Generation 85.3 100.5 1.17 75.01 88.37
Peak Demand 56 57.3 1.02 59.14 60.51

The total wind generation will grow from 3.8GW in 2010 to 26.8GW in 2020, of which
majority share will come from Scotland. Again majority of wind generation will be
off-shore far away from the main grid. Some of the thermal generating stations which
are close to their working life will be shut down. During this period, the National
grid forecast only small increase in peak ACS demand from ~56GW to ~57.3GW.
Table 5.2 summarizes the National grid forecast for the generation change in the ten
years [57].

Significant amount of power will be exported through the Scotland-England
transmission corridor which is presently stability limited. A number of reinforcement
projects are being proposed to enhance the capacity of this transmission corridor.
This includes two HVDC transmission lines [63]. In this research project a dynamic
model of representative GB network model is developed. It can provide a qualitative

behavior of the inter-area mode of GB system for 2020 operating scenario.

5.2.3 Representative GB network model

The Fig. 5.4 shows one-line diagram of the representative GB transmission network
model which was developed at the University of Strathclyde (UoS) [100, 101]. It
consists of 29 nodes, inter-connected through 98 transmission lines in double circuit
configuration, and one single circuit transmission line. These network branches
are intended to represent the main routes on which power flows across the GB
transmission system and over which power is exchanged between the seven year
statement’s (SYS) ”Study Zones” and have realistic parameters including thermal
ratings. It is claimed that, the model is based on and has been validated against a

solved AC Load Flow reference case that was provided by the NGET [101].
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Figure 5.4: Representative GB system network

5.2.4 Dynamic modeling of representative GB network

The representative GB network model developed by UoS contains 65 generators of

various types. In this work, the dynamic model is developed to imitate the Scotland-
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England inter-area mode. Hence some of the generators connected to one node are
grouped together and represented as single generator. They are grouped into three
such as Thermal, Hydro and Wind. This will help to reduce the complexity of the
model while giving representation to different types of generators in the network. The
generators corresponding to individual groups are indicated in Table. 5.2. The total
number of generators in the model is reduced to 34. Each generator is connected to
one of the 29 high voltage nodes through a transformer. Altogether, the system used
in this work has now 29 high voltage buses and 34 generator buses. This forms the
2010 operating condition for the representative GB system. The representative model
provided by UoS does not contain dynamic data for the generators. The dynamic
parameter data set for GB system is developed for this work. The recommended
range of values for different parameters are obtained from [72]. The parameters are
tuned to obtain the well observed Scotland-England inter-area mode close to 0.5Hz.
The inertia of thermal generators vary from 7pu to 10 pu whereas hydro generators
have an inertia of 3pu in machine base. The wind generators are represented using
the generic Type-3 WTG model. No FACTS device is modeled separately. The
power flow and dynamic data for 2010 operating scenario of the GB system is given

in Appendix E.

5.2.5 Modal analysis

Table 5.4 and Fig. 5.5 show the electromechanical modes of the representative GB
network for 2010 operating scenario. The generator number in the table represents
the high voltage bus number where the synchronous machine is connected. The modes
#11 and #17 are inter-area modes and others are local modes. Mode #11 is well
damped. The mode #17 is closer to that of the Scotland-England inter-area model
present in the actual network. The mode has participation from generators in the
Scotland and in the England.

Table 5.5 shows the normalized participation factor and mode shape of the inter-
area mode. The mode shape corresponding to ¢ and w states of the generators in the
buses #2, #4, #5, and #7 located in the Scotland are in opposite to the generators
in buses #23 and #26 located in the England. This shows the the former group of
generators oscillates with the later group. This inter-area mode is the limiting factor
to the effective utilization of transmission line capacity in the network.

Fig. 5.6 shows the angle difference between the generators at buses #2 and #23
following a three phase fault. The inter-area mode with frequency around 0.57Hz is

captured in the figure.
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Table 5.4: Electromechanical modes of representative GB system for 2010 operating scenario

Serial No. Eigenvalue Frequency | Damping ratio | Dominant states
(Hz) (%) (generator)
1 -0.08 + 9.43i 1.50 0.92 w,d (6)
2 -0.08 + 9.38i 1.49 0.92 w,o (4)
3 -0.09 + 9.34i 1.49 1.00 w,o (12)
4 -0.05 + 9.001 1.43 0.63 w, o6 (3)
5 -0.18 + 8.50i 1.35 2.21 w,d (1)
6 -0.64 + 6.76i 1.07 9.50 w,d (1)
7 -0.70 + 6.72i 1.06 10.48 w,d (21)
8 -0.58 + 6.601 1.05 8.77 w,o (28)
9 -0.65 + 6.601 1.05 9.82 w, o (20)
10 -0.59 + 6.301 1.00 9.33 w,d (17,18)
11 -0.43 + 4.791 0.76 8.94 w,d (2,4,7,15,16)
12 -0.59 + 6.12i 0.97 9.64 w,d (11,15,16)
13 -1.23 + 5.601 0.89 21.55 w, o (27)
14 -0.57 + 5.89i 0.93 9.75 w,o (11,12)
15 -0.65 + 5.991 0.95 10.84 w, o (25)
16 -0.63 + 5.801 0.92 10.82 w,d (19)
17 -0.09 + 3.58i 0.57 2.67 w,d (2,4,5,7,23,26)
18 -0.39 + 4.451 0.71 8.82 w,o (2)
19 -0.49 + 5.061 0.81 9.68 w,o (11)
20 -0.56 + 5.48i 0.87 10.24 w,o (4,5)
21 -0.54 + 5.571 0.89 9.79 w,d (15)
22 -0.57 + 5.23i 0.83 10.91 w,d (9,23,26)
23 -0.57 + 5.24i 0.83 10.83 w, 6 (26,29)
24 -0.56 + 5.371 0.86 10.41 w, 6 (7,10)
25 -0.63 + 5.38i 0.86 11.65 w, 6 (23,29)

Table 5.5: Mode shape of the GB system inter-area mode

| Gen. Bus | Location | State | Normalized PF | Mode shape (deg) |

2 Scotland | 6, w 1.00 -91
4 Scotland | 6, w 0.46 -86
5 Scotland | 6, w 0.12 -85
7 Scotland | 6§, w 0.22 -79
23 England | §,w 0.13 101
26 England | d,w 0.11 102
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Figure 5.6: Response of GB system following a three phase bus fault for 100 msec

5.3 Representative GB system for 2020

The objective of this study is to analyze the effect of increased wind penetration and
subsequent variable operating conditions in the inter-area mode of the GB system.
The system will source 15% energy from renewable by year 2020. The wind is
going to contribute large part of this target along with nuclear and CCGT plants.
Table 5.2 shows the change in different types of generation expected in the future
scenario. The Coal and Gas powered generation will decline whereas all other types
of generating stations show an increase in generation. For the representative system
these generators are grouped into three as given in Table 5.3. It shows the change in
generation for different groups of generators in actual GB system. The same change is
adopted for the representative GB system to obtain the generation and load scenario
for 2020. In this study no generators are removed from the representative GB network.

Instead, the generation capacity is modified in every bus according to the change in
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Table 5.3. The dynamic parameters of synchronous machines are also altered to suit

the changes in generation capacity. The data is given in Appendix F.

Shortcoming of this study

The representative model as developed by UoS resembles the power flow scenarios in
the actual GB network in 2010. It has been validated with National Grid power flow
data. But the network will undergo a lot of changes in 10 years time. A significant
proportion of generation will be coming from renewable generation in the Scotland
and several thermal generating stations will be closed and new stations will be
added. In order to accommodate these changes, the National Grid is planning several
reinforcement options including transmission line capacity increase, installation of
new FACTS devices and two HVDC lines connecting Scotland and England etc.
While the changes in generation are more or less accommodated in this work, the
changes in transmission network are not considered. However, it will not impact the
major objectives of this work; to analyze the impact of wind penetration and resulting
network conditions in damping of inter-area mode. The model developed is good
enough to qualitatively represent the Scotland-England inter-area mode variation.
However it is to be noted that the proposed changes in transmission line capacity
enhancement will improve the inter-area oscillation damping of the system.
Secondly, since no additional reactive power support devices are used, it is
impossible to transmit more power from Scotland while maintaining voltage profile in
the network. Hence 100% wind penetration is not considered for power flow scenarios

presented in next section.

5.3.1 Operating scenarios in GB network

Similar to the analysis carried out for two-area system, ten possible scenarios in GB
network are analyzed in this section. Table 5.6 lists the operating scenarios and the
corresponding inter-area mode eigenvalue. The voltage levels of the generators are
adjusted to accommodate various generation patterns in the network using existing
reactive power support in the 2010 system. Since no additional reactive power support
devices are considered, the wind penetration is limited below 100% in most cases.
The reactive power output is maintained within the limits of synchronous and wind
generators. More details of the operating conditions such as active and reactive power
output of generators and voltage profile of network are given in Appendix G.

Case-1 is the base case where the generation pattern is similar to 2010 scenario
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Table 5.6: Operating scenarios in representative GB network

Cases | Description Inter-area mode
Eigenvalue Frequency | Damping
(Hz) ratio (%)

Case-1 | Generation similar to 2010 -0.12 £ 3.755 0.59 3.11

Case-2 | Reduced thermal across the grid | -0.03 £ 3.527 0.56 0.91

Case-3 | Reduced thermal in the England | 0.0143.50j 0.56 -0.16

Case-4 | Reduced thermal close to wind -0.35+3.31y 0.52 10.38

Case-5 | Removed all synchronous No inter-area mode
generators in the Scotland

Case-6 | Removed generator with -0.00 £ 3.575 0.568 0.006
higher PF at bus #26

Case-7 | Removed generator with 0.002 £ 3.587 0.57 -0.064
higher PF at bus #23

Case-8 | Removed generator with 0.004 £ 3.537 0.56 -0.11
no PF at bus #11

Case-9 | Removed generators with no PF | 0.002 4+ 3.557 0.57 -0.07
at buses #17, #21, #25, & #28

Case-10 | Case-8 plus further increase in -0.097 + 3.967 0.63 2.44
wind in the Scotland and
remove thermal at bus #2

with relatively less wind generation. But the capacity of individual generators, such
as thermal generators, are different from 2010 case and hence the dynamic parameters
are different. The inter-area mode damping improved compared to 2010 case due to
the changes in generation capacity. For Case-2, with increase in wind penetration the
thermal generators across the grid reduce their outputs. With increased contribution
of wind energy and reduction in synchronous generator output, the damping of inter-
area mode improves. But in Case-3 only the thermal generators in the England
reduce their output with increase in wind generation. While the synchronous
generator output on one side of the grid is relieved significantly, the inter-area power
flow increases due to increased generation in the Scotland and reduced generation in
the England. Hence, the damping becomes negative for this case. This case is similar
to Case-5 of two-area system which has less damping than Case-4 of two-area system
due to higher inter-area power flow. For Case-4, the increased wind penetration is
balanced by reducing thermal generation close to wind farms. This will reduce the
synchronous generator output at both ends of the grid while not affecting the inter-
area power flow. This case differentiate two effect: effect of inter-area power flow and
effect of change in generation. It is clear that, a reduction in generation can improve

damping. This type of operation is best considering the stability of the system as the
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damping ratio improves significantly. But in practice this may not be the case, as the
decision to cut thermal generation is based on other considerations. In Case-5, all
synchronous generators in the Scotland is removed to balance the load and generation
with increase in wind output. As expected, with removal of synchronous generators
in one area, inter-area mode disappears. In Case-6 and Case-7 generators with
higher participation to inter-area mode located in England are removed whereas for
Case-8 and Case-9 generators with no participation to inter-area mode located in
England are removed. All the four cases result in increased inter-area power flow. But
comparing these cases, damping of Case-6 and Case-7 are slightly better than that of
Case-8 and Case-9. Though the difference is not as visible as in four machine case,
the effect of removing synchronous generator with higher participation in the mode is
felt. Also in these four cases the thermal generators in the England are removed which
is the most likely scenario in future to match environmental considerations, and the
damping is poor. For Case-10 a further increase in wind for the scenario of Case-8 is
considered. The generation is balanced with load by removing synchronous generator
at bus #2 which has highest participation to inter-area mode. The inter-area power
flow in this case is almost same as Case-8, but the damping improves significantly.
This reiterates the earlier conclusion that change in output of generator participating
in the mode affects damping ratio. A reduction frequency of inter-area mode with
increased inter-area power flow can be observed by comparing Case-1 with other
cases. It is also to be noted that with possible export of wind power from Scotland to
France and Netherland, the inter-area power flow in GB system will increase, which

will affect damping of the mode significantly.

5.4 Chapter summary

The chapter discusses the effect of wind penetration on inter-area mode damping
of power system. The results are presented using two test systems: a two-area test
system with a wind farm and a representative GB test system. The dynamic modeling
of GB test system is carried out to simulate the well observed Scotland-England
inter-area mode. Different possible operating scenarios of the networks with large
scale wind penetration is analyzed. Three critical factors are analyzed; effect of
change in output of generator participating in inter-area mode, effect of disconnecting
synchronous generator, and effect of inter-area power flow. In a practical power system
these factors will occur concurrently which may deteriorate the damping of inter-area

oscillation for several operating conditions and in effect may constrain the effective
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utilization of new generation and transmission capacity.

Damping controllers must be installed in the network to provide additional
damping to inter-area modes. However, variability in operating conditions of future
power system pose further challenge to controller design. The next chapter discusses
a signal selection procedure, which will ensure robust performance for FACTS based

damping controllers.
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Chapter 6

Robust signal selection for

damping controller design

The studies presented in the previous chapter show that with increase in penetration
of weather dependent wind generators, operating scenarios of power system will vary
significantly. It is shown that such changes cause large variations in the residue
related to damping controller and hence affect controller performance. A feedback
signal with less variation in residue is key to design a robust damping controller for
future power system. This chapter focuses on selection of feedback signal for damping
controller design in order to ensure robust performance for a wide range of operating
conditions.

The chapter is organized as follows. A brief introduction about control objective
is presented in Section-1. The Section-2 describes the residue followed by controller
design concept in Section-3. Section-4 describes a probabilistic signal selection
criteria. Simulation studies using 16 machine system and application of proposed
signal selection criteria is explain in Section-5. Section-6 have some concluding

remarks.

6.1 Control objectives

In general, the objective of a controller is to modify input signal(s) to achieve
desired system performance. Power system damping controllers are designed to
improve damping of oscillations in frequency range of 0 to 2Hz. Generally, damping
requirements are set by grid operator which are specified in terms of settling time.
For example, the National Grid defines poor damping as “where electromechanical

oscillations of generating units are such that the resultant peak deviations in machine
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Figure 6.1: Damping line representing different damping ratios

rotor angle and/or speed at the end of a 20 second period remain in excess of 15%
of the peak deviations at the outset (i.e. the time constant of the slowest mode of
oscillation exceeds 12 seconds” [102]. This is approximately equivalent to a damping
ratio of 0.03. Other Grid operators specify similar performance criteria. For example,
in the Danish and Norwegian power systems, 10 to 20 sec settling time is considered
adequate. In this thesis performance criteria is specified in terms of damping ratio.
This is because, the use of damping ratio is more appropriate as oscillation frequency
varies in a wide range. However damping ratio specification for different frequency and
settling time is different. For a fixed settling time, required damping ratio increases
as frequency reduces. Damping ratio of 0.1 or more is required for low frequency
modes such as inter-area mode [10].

Fig. 6.1 shows damping line in s-plane for different damping ratio in 0 to 2Hz
range. The function of a damping controller is to shift poorly damped eigenvalue(s)
corresponding to electromechanical mode(s) towards left of eigen-plane to ensure
required damping. The initial shift of the eigenvalue for a static gain controller

can be explained using residue which is discussed in following the section.

6.2 Residue

If a disturbance is applied to a stable power system and then quickly removed,
oscillations will set up which will eventually decay depending on the damping ratio
of each mode. Given a disturbance point and observation point, residue represents
amplitude of any mode caused by an impulse at the disturbance point [103]. It is
the numerator of the term in the partial fraction expansion of the transfer function

between the disturbance and the observation. For example, (3.14) can be represented
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as [104],

R R R,
G(s)= —— + ——+ .. (6.1)
S—pP1 S—DP2 §—DPn

where R; represents residue corresponding to p;.
To find the residue Ry of 2nd pole, set s = py and ignore (s — po) term in (3.14).
That is,

Ry = k(p2 — 21)(p2 — 22).-- (P2 — 2m)

6.2
202 — 0] 02

Geometrically (6.3) can be interpreted as,
_product of vectors from zeros to pole at p; (6.3)

° product of vectors from poles to pole at ps

G(s)

L J

A

KH(s

Figure 6.2: Schematic diagram of closed loop system

For a system G(s) = sz slj‘; in Fig. 6.2, residue R; corresponding to a mode

A; represents sensitivity of the mode to feedback gain given by,

AN
AK

= RH(N) (6.4)

Equation (6.4) indicates that an input output combination with maximum R; will be
most effective to control i*® mode.

For a static gain controller (KH(s) = K), shift in mode with gain is given by
(6.5). This approximation is valid only for small value of K. For small values of

controller gain mode shift is proportional to magnitude of residue and direction of
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shift is equal to angle of residue ! ZR;.

AN = Ao+ jAw; = K[Re(R;) + jIm(R;)] (6.5)

A controller with transfer function H(s) such that Z(H(\;)) = —ZR; can direct mode
towards left to improve damping (6.6).

6.2.1 Controller design using residue

Let us recall the two-area test system with a SVC at bus #8 discussed in Chapter-
3. Table 6.1 shows residue of transfer function between different feedback signals
and the SVC reference input corresponding to electromechanical modes. Feedback
signals Ps_7, Pio_9, wa1, and wgs represent active power flow between buses #6 & #7,
active power flow between buses #10 & #9, speed of the generator at bus #1, and
speed of the generator at bus #3, respectively. The signals provide different angles of
residue for IAM. A transfer function H(s) is designed for each of the feedback signals
to compensate for the phase difference such that Z(H()\;)) = —ZR;. Fig. 6.3 shows
inter-area mode shift for a static gain controller and the controller H(s) corresponding
to the four feedback signals with incremental change in gain. For Fy_7, the residue
angle of TAM is 95.54 and initial inter-area mode shift for constant gain controller
exhibit same angle in Fig. 6.3(a). A controller H(s) with phase angle Z(H()\;)) =
-95.97 at TAM frequency is designed which changes the inter-area mode shift toward
left. Similar observations can be made for other feedback signals.

However this direction of shift is true only for small value of controller gain. As
the controller gain increases, the direction of movement of eigenvalue changes because
the large gain behavior is influenced by location of zero. The controller transfer
function H(s) can be re-tuned to obtain required damping as shown in Fig. 6.5.
Modified controller transfer functions H'(s) are listed in Table. 6.2. The tuning can
be performed by trial and error, or pole placement method [10]. For all the feedback
signals the modified controller H/(s) provides required damping for TAM.

! Angle of residue is measured with respect to negative real axis in anticlockwise direction
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Table 6.1: Residue and controller transfer function corresponding to different feedback
signals for two-area test system using SVC based damping controller.

Signal Residue Controller TF ZH(
TIAM LM1 LM2 H(s) IAM)
1.19 0.5 L5 0.03653+1.25%+10s

Pe7 /95.54 / —89.8 /101.5 2.30453+9.8352+10.965+1 -95.97
1.67 0.14 2.26 230483+9652+108

P1079 4 o 8224 4788 4 _ 876 0.15342.0152410.25+1 8263
0.6 1.9 0.26 0.982-‘1-108

wer 2022 |/ —408| /1493 S2H10. 15+ 09
0.75 0.45 1.72

Was 9716 | 2282 | £ —94.35 -1 180

4 4.2 .
*
*
39! o °.°° ] a1 ° ‘
o *
o ° *
3.8} o * a .
o * ° *
2 * ° % *
(o]

3.7 ® P ] 3.9 0.0
367025 02 015 01 005 0 005 384 -0.3 -0.2 -0.1 0
(a) Using feedback signal Ps_7 (b) Using feedback signal Pjg_g

4
3.9 o ° ] 4
) *
o *
) *
o * *

3.8t o ] 39l O o oo

®

()
3 e 1 3.8

?®
384 -0.3 -0.2 -0.1 0 377525 02 015 01 005 0 005

(¢) Using feedback signal weaq (d) Using feedback signal wgs

Figure 6.3: Inter-area mode shift in a two-area system using SVC based damping controller
H(s) for different feedback signals. (*) indicates shift using a static gain controller and (o)
indicates shift using H(s).

106



Modified Controller TF H'(s)

wWai

was

10s
7.744534+18.3752+11.765+1

3.655+125%24+10s
0.15342.0152+10.25+1

0.152+10s
452410.4s5+1

—0.0045%-0.4s
0.0452+0.55+1

Table 6.2: Modified controller transfer function for two-area test system using SVC based

damping controller
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Figure 6.4: Inter-area mode shift in a two-area system using SVC based damping controller
H'(s) for different feedback signals. (*) indicates shift using a static gain controller and (o)

indicates shift using H(s).

Figure 6.5: Inter-area mode shift for a static gain controller (*) and modified controller,
H'(s) (o) for different feedback signals (a) Ps_7, (b) Pro_g, (¢) wai, and (d) wgs
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6.3 Concept of damping controller and signal se-

lection

A classical example of damping controller is PSS. It modulates generator excitation
so as to produce a component of electrical torque in phase with rotor speed variation
to reduce power swing. Similarly, supplementary control of FACTS devices can also
enhance damping of the system. But their influence is rather indirect [20]. FACTS
devices can modulate voltage, active power or reactive power in a transmission line
or at a bus. This will modulate power flow in the transmission line. If the line is
in favorable location such that it can cause corresponding variation in the generator
torque, the damping can be improved. This implies that in order to enhance damping
using a FACTS device, it should be placed in such a way that modulation of its
output will indirectly cause modulation in torque of generators participating in inter-
area mode oscillation. In other words, the FACTS device output should have a
controllability towards the mode of interest.

Further in order to correctly modulate FACTS device output, the oscillations
need to be sensed or observed accurately. A signal having good enough amplitude
of the oscillation is required as feedback signal to the controller. In other words, the
feedback signal should have good observability of the mode.

Equation for modal controllability and modal observability can be obtained from

the transfer function representation of (3.13). Let (3.13) is represented as,

G(s) = C(sI-A)'B (6.7)
- > s (6.5)

i=1

i=n RZ
= 2T (6.9)

i=1

From (6.8), residue corresponding to ith mode is expressed as R; = C¢;1iB. R;
can be conveniently split into modal controllability (¢3B) and modal observability
(C¢;). The modal controllability describes effectiveness of a controller to an
oscillatory mode from a specific location whereas the modal observability indicates
whether an oscillatory mode is observable in chosen output signal (feedback signal).
This follows that, a signal with good modal observability and an actuator with good

modal controllability, hence higher magnitude of residue, to a mode are essential
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requirement for good damping controller design. The residue which is the product of
modal controllability and modal observability is a good indicator to assess suitability
of a signal-actuator pair for damping controller design. For best performance
FACTS device location and feedback signal should be selected to obtain best residue
magnitude. But in practice, FACTS devices in a network are installed based on their
primary objectives such as power flow and voltage control with little emphasis on the
damping control requirements. Due to this, the modal controllability (¢;B) cannot
be influenced. Hence the possible option to improve |R;| is to find a feedback signal

having good modal observability (Ce;).

6.4 Signal selection criteria

Power system stabilisers are successful damping controllers in power system. They are
installed at generators which provide maximum magnitude of residue to electrome-
chanical mode of interest. Locally available signals such as generator speed, active
power output etc are used as feedback signal. With proliferation of FACTS devices
in power system, the possibility of using supplementary control of FACTS devices to
improve damping becomes apparent. Damping controllers are designed using locally
available signals for FACTS devices. However FACTS devices are used to provide fast
voltage support and power flow control in the network. Their location depends on
the primary objectives with little importance to stability improvement. It is shown
that, the local signals for FACTS devices are not always the best feedback signals
for damping controller design [9]. A better signal may be found elsewhere in power
system having higher magnitude of residue compared to local signals. The wide spread
use of WAMS technology provide access to feedback signals from remote locations in
power system [29]. The choice of signal is grown exponentially which makes the signal
selection process laborious. At the same time the operating characteristics of future
power system will be unpredictable as discussed in the previous chapter. As the
system undergoes wide changes in operating condition, the magnitude and angle of
R; vary accordingly. For a fixed parameter controller, the changes in R; will influence
the amount and direction of eigenvalue shift. In some operating cases, the variation
may impact the stability of closed loop system. It is important to select a signal which
is adequate for all operating conditions. The challenge is to select best signal from a
large pool of signals for all possible operating conditions. Following section proposes
a probability based signal selection criteria to obtain robust damping performance for

large number of operating conditions.
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Let us assume that a FACTS device is installed in a power system considering its
primary objectives such as power flow and voltage control. The objective of signal
selection is to find a feedback signal for the FACTS device for all operating conditions
(N) to improve damping of one or more modes. Further assume that all NV operating
conditions of the system are known and modal analysis is performed to obtain system
matrix for the operating conditions. Let |R7| and 6" be the magnitude and angle
of residue with respect to the mth operating scenario corresponding to the kth signal,

respectively, of the ith mode. Following criteria are defined for signal selection.

6.4.1 Criteria-1: Effectiveness criteria

For a given operating scenario the effectiveness of a controller or the amount of
damping achieved, greatly depends on the magnitude of the residue. From (6.4), a
higher value of |R;| requires a lower controller gain. The choice of feedback signal
with good |R;| is key to obtain a good damping performance [31, 32]. When controller
is designed for many operating conditions with varying magnitude of residue, average
magnitude of residue |RF| = + SN |R™| is a good indicator of effectiveness.
However, the use of average value over large number of operating conditions should
be carried out with caution as a higher magnitude of the residue for some operating
conditions cannot compensate for very low value of residue for other operating
conditions. This can be ensured by selecting a signal with less variation in magnitude

of residue. The Criteria-2 presented below automatically takes care of this factor.

6.4.2 Criteria 2: Robustness criteria

As the system undergoes wide changes in operating conditions, the magnitude and
angle of R; vary accordingly. For a fixed parameter controller, the changes in R;
will influence the magnitude and direction of eigenvalue shift. Hence for robust
performance under different operating conditions, the residue R; associated with
feedback signal should have less variation in magnitude and angle.

A probabilistic method for finding such signals is described in the following
subsections. At the core of this method is the residue error covariance matrix [105].
This matrix is computed for each signal over a large number of operating scenarios.
For a given signal, the residue error covariance matrix can be represented by an ellipse
in two dimensional plane [106]. We compute the area of this ellipse for each signal
and the one with least area gives less uncertainty in the residue variation, and hence

this signal can be accepted to give robust performance.
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Error covariance matrix

Let |R™| and 67 be the magnitude and angle of residue with respect to the mth
operating scenario corresponding to the kth signal, respectively, of the 7th mode. Let
|RY*| and 69* be the average magnitude and angle of the residue corresponding to the

kth signal, respectively. We define a vector of ‘error’ in residue as follows:
et = (IR — |’ 6 — 67" (6.10)

where m = 1,---, N. N is the number of operating scenarios. Given the residue error
vectors corresponding to each operating scenario, the residue error covariance matrix

PF for the kth signal is given by
P — El(e)(ef™)"] (6.11)

Here E[-] is expectation operator. For N operating scenarios (6.11) can be

approximated as

(e*) (e (6.12)

K3 K3

M =

Pr~ —
N
1

3
I

The diagonal elements of P¥ represent the uncertainty associated with the
magnitude and angle of the residue, respectively. Since these two quantities are very
different from each other in terms of numerical values, we form the relative residue

error covariance matrix by normalizing the elements of P¥ with respect to the nominal

values as:
Pt = KIPFKE! (6.13)
where, K¥ = |R?k‘ 0

The relative residue error covariance matrix is computed for each signal and the
best signal is selected as the one with the smallest relative residue error covariance
matrix (in theoretical sense). A quantitative measure of the size of this matrix is

discussed next.
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Geometric interpretation of error covariance matrix

The relative error covariance matrix in (6.13) can be represented using an error ellipse.
The axis of error ellipse is equal to square root of eigenvalues of P;el’k and the larger
eigenvalue corresponds to the axis with the larger uncertainty. Hence, the size of
ellipse increases with increase in uncertainty. The objective of signal selection is to
find a signal having least variation in magnitude and angle. This can be identified
from the area of error ellipse which is obtained as shown below.

The equation of n-dimensional “zero mean” error ellipsoid is expressed as:
e’ P 'e = ¢, where e is error vector (n x 1), Pis the error covariance matrix (n x n),
and ¢ is a constant [107].

Since, P! is a real symmetric matrix (property of the error covariance matrix),
there exists an orthogonal matrix 7' such that 7-'P T =TTP~'T is a diagonal
matrix, A without altering det P~' [108]. The diagonal entries of A are the eigenvalues
(AL,- - An) of P71

Now let D be the diagonal matrix with entries ( g

o E) and consider
the new vector variable € defined by e = T'De’. Since T is an orthogonal matrix,
the determinant of transformation TD = ¢¥2/(A\; - - - \,)/? = V2 /det(P71/?) =
/2T (P,

In terms of transformed variables, the equation of error ellipse can be represented
as, € + -+ €2 = 1, which represents unit n-sphere whose volume is V. The volume
of the ellipsoid is the volume V scaled by the determinant of the transformation and
is expressed as ¢/2V+/det P.

In the, (2 x 2) case, where V represents the area of unit disk, and equals to 7, the
area of error ellipse is given by erv/det P.

Based on this property, the size of the relative residue error covariance matrix is

defined as the area of the ellipse represented by the determinant of the matrix:

Area(PI") o my/det(P7HF) (6.14)

Thus, in principle, the robust signal is the one which has the lowest area of the
error ellipse. Signal having least variation in residue i.e. least value for det(P")

can be selected for robust controller design.
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6.4.3 Criteria 3: Criteria to reduce influence on other modes

Often large power systems have more than one electromechanical modes which are
located very close to each other. Since electromechanical modes fall in a narrow
frequency range, less than 2Hz, it is difficult to design controller for one mode
while isolating the effect on another. This is the case when magnitude of residues
corresponding to the modes are high. Recall Fig. 6.5 where a controller H'(s) shift
inter-area mode towards left to improve its damping. The controller phase angle is
selected considering the angle of residue corresponding to inter-area mode listed in
Table 6.1. The controllers are able to improve damping of the inter-area mode using
all four signals. However, for signals wg; and wgs in Fig. 6.4(c) and Fig. 6.4(d),
respectively, the damping of one of the local modes decreases. This is due to large
difference in angle of residue between the inter-area mode and one of the local modes.
If all modes located in close proximity have angle of residue within a narrow range,
they will shift almost in the same direction.

Feedback signal must be selected such that, a signal selected for one mode does
not contribute to poor damping of another. This is particularly important when
designing multi input controllers where each signal is selected to influence one or
more mode and therefore, one signal’s effort should not oppose the other’s. This
criteria is developed to reduce such interactions.

Recall from (6.5), the direction of shift in eigenvalue depends on the angle of
residue. If two modes are located in a close frequency range and angle of residue
between actuator reference input and a feedback signal for both the modes are equal,
their shift will be in similar direction. However, if the angles of residue are 180 degree
apart, they both will shift in opposite directions. In essence, it is advisable to have
a signal where the angles of residue for closely located modes are same or within a
narrow range. However, the amount of shift is proportional to magnitude of residue.
Hence, if a signal gives opposite angles of residue but magnitude of one of the residues
is close to zero, it will not significantly affect that mode. When considering multiple
operating conditions, average angle of residue can be used along with variation in
residue. The criteria is summarized in Table 6.3.

Consider a power system with two closely located electromechanical modes, mode-
a & mode-b. Objective is to find a feedback signal to improve damping of mode-a.

|R¥| and |RF| represent average magnitude of residue corresponding to signal & for

mode-a and mode-b, respectively. Similarly, ZR¥ and ZR} represent average angle
of residue corresponding to signal k for mode-a and mode-b, respectively. Following

four cases are possible. Cases are valid when variation in residue i.e. det(PT¥) is
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small.

Table 6.3: Criteria 3: influence of near by mode on signal selection

Cases Angle criteria | Magnitude criteria | det(PT"¥) | Comment
Case-1 | LRk — ZRF < 90 high | R¥| small | good signal

Case-2 | ZRF — ZRF < 90 | high @ and @ small good signal

a

R

Case-3 | LRk — ZRF > 90 ke 0.33 small bad signal
Case-4 | ZRF — ZRF > 90 }Z—g: < 0.33 small good signal

a

Case-1: Z/Rk — ZRF < 90 and high |R¥|

This case ensures that the angle of residue for both the modes are in almost same
direction and signal is effective to mode-a. A fixed parameter controller designed for
mode-a will not cause poor damping to mode-b as direction of shift for mode-b also

will be close to same direction. The signal can be selected to represent mode-a.

Case-2: /Rl — /RF < 90 and high |R%| and |R}|

This is special case of case-1, where the signal is effective for both modes. In this case
one signal is enough to damp both the modes, if required. For better results, ZR¥

and ZRY must be within narrow range with less variation in angle of residue.

Case-3: /Rl — ZRF > 90 and |r}|/irE] > 0.33

ZRE — ZRF => 90 means that the angle of residue for both modes are not in same
direction. Also, |rF|/|RE] > 0.33 shows the signal is effective for both modes. A fixed
parameter controller improving damping for mode-a may sometime reduce damping

for mode-b. Hence such signals are not selected.

Case-4: /RF — ZRF > 90 and |rF|/[rRE] < 0.33

In this case, angle of residue for both modes are not in same direction. However,
effectiveness of signal to mode-b is small compared to mode-a. A fixed parameter
controller improving damping of mode-a cannot significantly reduce damping of mode-

b. Hence this signal can be used to represent mode-a.
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If all other conditions are satisfied and variation in residue is not small, designer’s
judgement based on magnitude and angle of residue is important. For example, a
signal falls under case-1 of Criteria-3 but variation in residue for mode-b is high. The
signal can be selected, if the effectiveness of that signal to mode-b is significantly

small.

6.4.4 Algorithm for signal selection

The step by step procedure for signal selection is described below.
Step 1 Obtain different operating conditions of the system
Step 2 Perform modal analysis to ascertain the need for damping control
Step 3 Select actuator, and list possible feedback signals

Step 4 Perform residue analysis to compute residue with respect to various
modes for transfer function between actuator reference input and feedback

signals

Step 5 Apply Criteria-1. Find average magnitude of residue for the mode of
interest and normalize it with respect to maximum value. Shortlist signals fall

above pre-defined limit and eliminate others. In this work, the limit is 0.33.

Step 6 Apply Criteria-2. Find ECM for residue corresponding to short listed
signals and list them in ascending order of determinant of ECM. Signal with

least determinant of ECM can be the robust signal.

Step 7 Apply Criteria-3. Compare residue of other modes for each signal based

on Criteria-3. List all acceptable signals for damping control.

6.5 Simulation results

The proposed signal selection procedure is validated through simulation studies using
a sixteen machine, five area test system. Two controllers, a PSS and a TCSC
based supplementary damping controller, are designed to improve damping of critical
electromechanical modes. The signal selection procedure is explained for both the

controller.
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Figure 6.6: 16 machine five area test system

6.5.1 Test system

Fig. 6.6 shows the sixteen machine, five area test system used to validate the proposed
signal selection method. It is a modified version of NETS-NYPS model [12]. The first
five synchronous generators, machines G1 to G5, in the original system are replaced by
wind generators of similar capacity. The synchronous machines G6, G7 and G8 have
slow excitation control, and G9 has fast static excitation control. The remaining
machines have constant excitation control. The machines #1 to #9 form part of
Area-1. The machines G10 to G13 are part of Area-2. The other three generators
represent equivalent model of the three connected areas, Area-3, Area-4, and Area-5.
A TCSC is installed in the line connecting buses #18 and #50 with 50% compensation
under nominal operating condition. The signal selection approach is validated using

a damping controller design for the TCSC.

6.5.2 Generating operating conditions

This section details procedure to generate different feasible operating conditions of
the power system. Scheduled voltage of generators and reactive power compensation
at load buses are varied to control generator power factor and load bus voltages within

its limit.
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Output of synchronous generator and load

The uncertainty associated with both synchronous generator outputs and loads are
modeled with the Gaussian distribution. The Gaussian distribution is preferred
because the analysis based on this distribution is well developed and reported in
the literature [109, 110]. Furthermore, based on the analysis of 211 contingencies
reported by the United States power companies between years 1971 and 1976, [111]
has suggested that the power system disturbance behavior can be modeled using the
Gaussian approach. In this thesis, a further check using power flow analysis is carried
out to verify the feasibility of the output obtained using Gaussian random variables.

The nominal operating condition (generation and load) is taken to be the mean
() of this distribution and the other operating scenarios are generated by considering
a certain percentage of uncertainty around the mean. Such a choice of the variation
covers large number of practical operating scenarios and the Gaussian modeling
ensures that high probable cases are selected from the neighborhood of the mean
and less probable cases are chosen from the extreme of the distribution. For example,
in case of load variation the difference between maximum and minimum demand at
a bus was captured by a +30 variation which ensures that the 99.73% cases between
minimum and maximum demands are covered. It is to be noted that a £3¢ variation
around the mean covers 99.73% area of the Gaussian curve. Thus the standard

deviation of the distribution is computed as:

i X Youncertainty
o; =
3 x 100

(6.15)

The mean (p;) and variance (¢?) are used to obtain an operating scenario z; (ith

load or generator) as:

where A/ (0, 1) is standard normal distribution with zero mean and unit variance.

Output of wind generator

Unlike synchronous generators, a wind farm output is sum of several wind turbine
outputs. Output of wind farm is not demand driven but depends on the availability
of wind. The characteristics of wind such as strength, direction, presence, variability

etc. may vary from one wind farm to another. Also it has daily and seasonal
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variation. The Weibull distribution has shown a closeness to annual wind speed
distribution for many sites [112, 113, 114]. It is frequently used to characterize wind
farm. The shape of Weibull distribution is described by scale and shape where the
scale parameter relates to mean wind speed and shape parameter decides width of
distribution. The MATLAB command wblrnd is used to obtain random numbers
with Weibull distribution [76]. A typical Weibull distribution curve is shown in Fig.
6.7(a).
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(a) Weibull distribution for scale = 9 and shape (b) Wind speed vs power output curve for a
=2 2500kW turbine

Figure 6.7: An example Weibull distribution and Wind speed vs power output curve of
WTG

Wind speed characteristics of different wind farms can be represented using the
Weibull distribution with appropriate shape and scale parameters. Fig. 6.7(b) shows
wind speed vs power output of a 2500kW wind turbine generator system. For a
generic wind turbine model for wind farm, the curve is modified to suit output of
wind farm. By combining both the curves, different possible outputs for wind farm

over a period are obtained.

Operating limits

Following limits are imposed to obtain a realistic operating scenarios of the system
e Steady state voltage at all buses should be within 0.95pu and 1.05pu
e Power factor of all wind generators should be within 0.95 and unity
e Power factor of all synchronous generators should be within 0.9 lag and 0.85 lead.

e Slack bus generation should not exceed 1.2 times nominal generation
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Algorithm for generating different operating scenarios

In order to study the variation in residue, feasible operating scenarios of the system

are obtained through the following procedure:

Step 1 Run the power flow program for nominal operating condition to obtain
. The p is a column vector in which an element p; represents the value of a

generator output or a load under the nominal operating condition.

Step 2 Using the methods described above, generate different operating

scenarios for synchronous generators, wind generators and loads.

Step 3 Select one of the operating conditions. Apply contingency if required.
For generator contingency, corresponding generator is removed from the network

along with the transformer.
Step 3 Run power flow program.

Step 4 Check operating limits for any violations. Adjust generator scheduled
voltages and reactive power compensation to correct generator power factor and

load bus voltages. Run load flow to check feasibility of operating condition.

Step 5 Save the case if feasible operating condition is obtained, else discard
it.

Step 6 Repeat steps 3 to 5 until required number of feasible scenarios are
obtained.

6.5.3 Operating scenarios of the test system

Using the method explained in previous section, 800 feasible operating scenarios of
the system are generated. In this study, the uncertainty in synchronous generation
and load (%uncertainty) is considered to be 40%. However this value is system
dependent. For wind generators a Weibull distribution curve with scale = 9 and shape
= 2 is used. This corresponds to an average wind speed of 7.97m/s. Wind generator
contingency is not considered separately, as wind generator output will become zero
during low wind speed periods. For synchronous generators #6 to #12 generator
is removed from the network to simulate generator contingency. No contingency
is considered for generator #13 which is a slack bus. For generators #14 to #16

which represent equivalent generation of Area #3, #4 and #5 respectively, nominal
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generation is reduced to 50% to simulate contingency. Out of 800 cases, 300 cases
are generated without contingencies and the remaining have a synchronous generator
outage. Transmission line contingencies are not considered for this simulation, but

they are important for robust controller design.

Gen-1 Gen-2 Gen-3 Gen-4

Gen-9 Gen-10 Gen-11 Gen-12
300 300
200 200 200 200
100 100
0 0 0 0
0 5 10 15 0 5 10 0 5 10 15 0 10 20 30
Gen-13 Gen-14 Gen-15 Gen-16

200 200
100 i 100
0 0

Figure 6.8: Histograms showing variation in generator output for different operating
conditions of 16 machine test system. (Gen-1 represents generator at bus #1)
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Fig. 6.8 shows variation in generation for all the operating conditions. Gen-1 to
Gen-5 show output of wind generators which has two peaks, one representing wind
speeds below cut in speed when wind farm output is zero and the other shows wind
speed above rated wind speed when wind farm delivers rated output. Histogram
Gen-6 to Gen-16 show normal distribution except a peak at zero which represents
generator contingency. Fig. 6.9 shows variation in some of the loads for all the
operating conditions. Fig. 6.10(a) and Fig. 6.10(b) shows histogram for total system
load and inter-area power flow between Area #1 and Area #2, respectively. For
some operating conditions the inter-area power flow reverses its direction. This is
very likely scenario in future power systems with increased wind penetration and
cross country inter-connection. Fig. 6.11(a) show average value of bus voltage for
all the operating conditions. Dotted lines in the plot show minimum and maximum
bus voltage present in the system. Similarly, Fig. 6.11(b) shows average power
factor of generator for all the operating conditions. Power factors of wind generators
and synchronous generators are within its respective limits. Also the closeness of

maximum and average plot to unity shows that for majority of operating conditions
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Figure 6.9: Histogram showing variation in load for different operating conditions of 16
machine test system. (Load 17 represents load at bus #17)
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power factor of generator is close to unity. The approach presented to generate
operating scenarios ensures that the generated operating conditions are the most

likely feasible scenarios of actual power system.
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Figure 6.10: Histogram showing variation in (a) total system load and (b) power transfer
b/w area #1 & area #2 for different operating conditions of 16 machine test system

6.5.4 Modal analysis of the system

State space representation of the system and eigenvalues of state matrix under each
operating conditions are obtained from MATLAB simulation. The critical modes for
all the operating conditions are plotted in Fig. 6.12. The system has four inter-
area modes (IA1 to IA4) and six local modes (L1 to L6). The modes under nominal
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Figure 6.11: Plot showing average value of bus voltage and generator power factor for all
operating conditions of sixteen machine test system. The dotted plots show minimum and
maximum values.

operating condition are highlighted. As the operating condition changes with changes
in generation, load and power flow pattern, the damping ratio of these critical modes
undergo significant variation. Poor damping is observed for the inter-area modes and
the local mode L2 which need damping improvement. A PSS at G9 is designed to
improve damping of L2 whereas a supplementary damping control is added to the
TCSC to improve damping of inter-area modes. The signal selection and controller
design procedures are explained in remaining sections.

Table 6.4 shows critical eigenvalues and dominant states of the system. The
local modes have participation from few closely coupled generators with significant
participation from one of them. The modes may shift their participation between
these generators or may be absent when some of the generators are removed from
service. L5 is associated with G7 and/or G6, and shifts its participation depending
on operating condition whereas L2 is absent when G9 is out of service. All the inter-
area modes are present for all the operating conditions with little structural change.
As seen from the figure, some of the modes are intermingled. For the purpose of

residue computation these modes are tracked using participation factor analysis.

6.5.5 Residue analysis

The system has an unstable local mode and four poorly damped inter-area modes.
Since L2 has higher participation to G9, a PSS at G9 can improve damping of this
mode and supplementary damping controller using the TCSC is designed to improve
damping of inter-area modes. The residue analysis is carried out for all the operating
conditions with respect to both G9 excitation system reference input and the TCSC

reference input. Feedback signals such as active power, reactive power, and current
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Figure 6.12: Electromechanical modes of the sixteen machine system for all the operating

conditions

Table 6.4: Critical eigenvalue and dominant states of sixteen machine system

Mode

Eigenvalue

Dominant states
(participation factor)

L6
L5
L4
L3
L2

L1
[A4

[A3

[A2
[A1

—0.5162 £ 10.35572
—0.6103 £ 8.45161
—0.8460 £ 7.7239:
—0.2419 £ 7.4192:
—0.0764 £ 6.5314:

—0.2978 £ 6.4777i
—0.0803 £ 4.3582¢

—0.2513 £4.5179:

—0.1417 £ 3.18872
—0.0981 £ 2.45172

w, 6 of G11(1)

w,d of G7(0.99), G6 (0.7)
w, 0 of G8(0.99), G9(0.12)
w, 6 of G10(1)

w, 8 of G9 (1), G6(0.23),
G7(0.14), G8(0.12)

w, 8 of G12(1), G13(0.2)
w, 8 of G6 (1), G7 (0.72),
G8(0.17), G9(0.43), G13(0.46)
w, 6 of G14(0.42), G15(0.99),
G16(0.16)

w, 8 of G14(0.46), G16(0.99)
w,d of G12(0.18), G13(0.99),

G14(0.83), G15(0.65)
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through various transmission lines, and generator speed are considered. For clarity

of presentation, the signals are named as follows
P,, Active power flow through transmission line connecting bus #p and bus #q
(Qpg Reactive power flow through transmission line connecting bus #p and bus #q
I,,; Current flow through transmission line connecting bus #p and bus #q
wp Speed of generator at bus #p

Fig. 6.13 presents the histograms showing the variation in the magnitude and the
angle of the residue corresponding to IA1 of few signals for all operating conditions.
It is evident from the histograms that both the magnitude and the angle of residues
show large variation. The degree of variation is different for each signal. Similar
variation is observed for other modes. A signal having good magnitude and least

variation in the residue is an ideal choice for damping controller design.

6.5.6 PSS

In Fig 6.12, the local mode L2 is unstable for many operating conditions which has
a higher participation from G9. A PSS installed at G9 can improve damping of this
mode. The signal selection procedure and controller design for the PSS is explained
below.

Table 6.4 shows that, modes 1.4 and A4 also have participation from w and §
states of G9. A PSS at this generator can influence damping of both the modes. The

Criteria-3 is important in this case to avoid possible negative effect to L4 and 1A4.

Feedback signal selection for PSS

The residues corresponding to L2, L4 and [A4 of the transfer function between
excitation system reference input and various feedback signals are obtained. Average
magnitude of residue, @ and error covariance matrix, PI°“* are computed for
1 = L2,L4,and IA4. Table 6.5 shows characteristics of different possible feedback
signals for PSS. Six remote signals from 2 transmission lines and four local signals are
considered. Since local modes are observable in the neighborhood of generator, only
remote signals from two adjacent transmission lines from G9 are considered. 6.14
shows error ellipse corresponding to ng for these signals.

The m is high for Iyg_o9 which satisfies the Criteria-1. However, the signal has

high variation as evident from the error ellipse, hence fails in Criteria-2. Next best
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Figure 6.13: Histogram showing variation in residue for nine feedback signals for TCSC
corresponding to IA1. The title of histogram is the signal name



choice is wgg, which has high magnitude of residue and least variation. This satisfies

Criteria-1 and Criteria-2. It has less variation for residue corresponding to 1A4 and

L4. The ZRps and ZR;4 are very close to each other and /R4 is in acceptable
range which satisfies Criteria-3. Hence, the speed of generator G9, wgy is selected as
feedback signal for PSS.

Table 6.5: Characteristics of possible PSS feedback signals

Signal det(P79F) det(P70r) det(P7F)
Name | |[Rpa| | *100 | ZRpa|||Riasl|  *100  |ZRyas|||Ra|| *100 | ZRpa
Py 99(27.32| 1.14 [-69.09] 4.05 | 10.53 | 81.18 [ 7.36| 0.03 2.3
Qas_20]26.90| 1.07 |-67.55| 4.07 | 10.23 |80.14 | 7.24 | 0.03 0.7
Is_o9 | 763 | 336 |-67.43| 1.46 | 1551 |-64.42|2.36| 87 |-140.2
Py_o9| 3.80 | 129 |-46.32| 0.93 | 1840 |-54.23| 1.51| 0.07 |-119.02
Qa6 20| 25.15| 589 |-89.60| 3.45 | 11.43 |-73.33] 6.78 | 60.55 |180.38
Iog_9 | 27.52| 441 |-88.18|| 4.05 | 11.83 |-72.58| 7.42| 4.8 |-21.17
Poo_so| 7.86 | 437 35201 9.00 | 889 |-40.04||1.68| 7.6 |-82.96
Quo—2o| 213 | 1.78 |60.75| 2.39 | 343 | 76.05(0.62| 045 |-93.87
Iog_9 | DAT5| 440  |-88.27| 817 | 11.96 |-72.61|14.76| 4.84 |-23.68
wge |36.51| 0.58 |-8.62|| 8.22| 0.96 |-1.37|/8.49| 0.11 |-82.06
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Figure 6.14: Error ellipse corresponding to various feedback signals of PSS

A speed input PSS (6.17) is designed for G9 in order to improve damping of
this mode. 6.15 shows the movement of eigenvalues using the PSS for an operating
condition. It is to be noted that the controller shifts L2, L4 and IA4 towards left
while not influencing other modes. Fig. 6.16 shows the modes of the system with
and without PSS for all operating conditions where the modes L2, 1.4 and [A4 have

achieved a left shift from its position and obtained required damping.

0.06s% + 0.2s
252 +10.2s +1

KPSS = (617)
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Figure 6.15: Eigenvalue shift with increase in PSS gain for an operating condition
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6.5.7 TCSC based damping controller
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Figure 6.16: Eigenvalues of the sixteen machine system with and without PSS for all the
operating conditions

A supplementary damping controller at the TCSC can improve damping of inter-area
modes of the system [9]. A multiple input single output controller of structure shown
in Fig. 6.17 is proposed for the damping controller. Maximum number of feedback
signals is equal to the number of inter-area mode requiring damping. One feedback
signal having high magnitude of residue is required for each mode. Any single or

hybrid measurement from any part of the network can be used as feedback signal. In



u G(s)

H(s) L

Figure 6.17: MISO controller structure

this work, active power, reactive power and current of 83 transmission lines along with
generator speed from 11 synchronous generators are included in the initial signal set.
Altogether 260 possible signals are selected. The residue corresponding to inter-area
modes for the transfer function between the TCSC reference input and all the possible

signals are obtained. The signal selection procedure for this controller is explained

below.

Signal selection for TA1
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Figure 6.18: Normalized average magnitude of residue of feedback signals corresponding to
TA1

Fig. 6.18 shows normalized average magnitude of residue corresponding to A1
for all the signals. Signals having the magnitude of residue less than 0.33 are
eliminated. Table 6.6 shows 30 potential feedback signals selected after Criteria-
1, and other signals are eliminated. The table shows average magnitude of residue
and determinant of ECM. The error ellipse corresponding to ECM is shown in Fig.
6.19 and determinant of ECM is plotted in Fig. 6.20. It is evident that most of the

signals have less variation in residue and it is time to validate Criteria-3.
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As mentioned before, the objective is not to find the best signal but to arrive at a
suitable signal and eliminate any unsuitable one. There can be more than one good

signal. Two example signals are discussed below.

Table 6.6: Potential feedback signals passed criteria-1 to represent IA1

Signal | Signal | Signal | Normalized average | Determinant

Index-1 | Index-2 | Name | residue magnitude of ECM
13 1 Py7_13 1 0.0189
14 2 Py 14 0.5167 0.0299
15 3 Py 15 0.4329 0.012
17 4 Psg_17 0.7232 0.0152
35 5 Fs1-30 0.3975 0.0118
41 6 P35 34 0.3967 0.0239
42 7 Py 36 0.48 0.0232
43 8 Ps1_36 0.3971 0.0118
47 9 Py 4 0.439 0.012
48 10 Pys 4 0.4207 0.0127
50 11 Pig_4o 0.5405 0.0229
54 12 P35 45 0.3967 0.0239
58 13 Ps3 47 0.4994 0.0109
59 14 Py7 48 0.4676 0.011
61 15 Pys_51 0.5941 0.0229
62 16 Pso_s51 0.5597 0.0228
181 17 Ii7 13 0.9036 0.0233
182 18 Iy 14 0.5582 0.0271
183 19 Iy 15 0.4271 0.0104
185 20 I36_17 0.6102 0.0535
209 21 I35_34 0.3727 0.3016
210 22 I34 36 0.498 0.0649
211 23 Ig1_36 0.3749 0.0216
215 24 Iy 49 0.3504 0.0122
216 25 L5490 0.3871 0.0226
218 26 Lig—40 0.3933 0.1235
222 27 I35 45 0.3727 0.3016
227 28 Ly7 48 0.4105 0.0518
229 29 Iy5 51 0.518 0.0419
230 30 I50_5 0.6147 0.0236

I42 15 is one of the signals passed criteria-1 and has least variation in residue
corresponding to TA1l. Table 6.7 summarizes the residue characteristics of Iy 5.
Z Ry is 11.51° whereas ZRj 3 is 210.65°. Also | Ry 4| is more than [R;;|. Similarly,
for TA4, ZRy a4 is 176.01° with higher |R; 44| compared to [Rya1|. Also note the large

det(P7%27*) and det(P%/* %) with high magnitude of residue which will result
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Figure 6.19: Error ellip se of potential feedback signals passed criteria-1 to represent 1A1.
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Table 6.7: Residue characteristics of signal I4s_15
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Mode | [R| | ZR | det(Prebls-15)
TAL [ 0.429 | 11.51 0.0104
IA2 | 0.548 | 210.65 3.67
IA3 | 8290 | 81.09 0.019
IA4 | 1.369 | 176.01 1.218

130




average(|R

IAl|) =0.4298 average(|RIA2|) =0.5481

average(|R|A4|) =1.369
400 T T T T T T T
B b T
AT R AR LR
3005, bl FHEG R *% ;eg@; A
K x| Kk Hoe e Fokh *ékf%‘**%*
2 ' B
¥ o0 T - R S R o 200F % ;& 5
=] N * % o
** kx *
~100f ok Hgor R ¥ PR RO 100
* * *
Fkx % * *
LG o %
—200 . . . 0
0 100 200 300 400 500 600 700 800 0 100 200 400 500 600 700 800

Figure 6.21: Angle of residues for the signal I45 15

in ineffective eigenvalue movement. Hence this signal cannot be selected to represent
IA1.

For further clarification, Fig. 6.21 shows the angle of residue corresponding to
the inter-area modes for the signal I45_ 15 for all operating conditions. Each subplot
shows average magnitude of residue. The ZR;4; varies around 0° while ZR; 4o varies
around 180°. The average magnitude of residue for IA2 is more than that of TA1. If
this signal is selected to damp IA1 using a fixed parameter controller, it will decrease
damping of TA2. TA4 will also exhibit similar behavior as the /R4 varies from 0°
to 360°.

Pg1_30 is another signal which has passed Criteria-1 and have less variation in

residue corresponding to IA1. Table 6.8 summarizes the residue characteristics of

Ps1-30. ZRya1 and Z R4y are same whereas angles of other two modes lie within 90°
which satisfy the Criteria-3. Fig. 6.22 shows the angle of residue corresponding to the
inter-area modes for the signal FPgs;_3¢ for all operating conditions. Each subplot shows
average magnitude of residue. The ZR;; varies around 180 degree while Z R 4o and
Z Rya3 are close to 90 degree and Z Rj4 varies around 180 degree. Variation in ZRj 49
and ZRja3 are less and their average magnitude of residue is close to that of TA1.
Hence this signal could be considered as a potential feedback signal. Other possible
options can be investigated. The important point here is that ZR for all the modes
are in the same half plane and with less variation in residue. A fixed parameter
controller shifting IA1 to left will not cause poor damping of other modes. Though

better signals can be explored, this signal is selected as one of the feedback signals

131
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Figure 6.22: Angle of residues for the signal Pg1_30

Table 6.8: Residue characteristics of signal Pgs;_30

Signal : Py _30
Mode | |R| | ZR | det(Prebfo-s)
IA1 | 0.402 | 187 0.0118
IA2 | 0.741 | 110.23 0.0360
IA3 | 0.761 | 117.87 0.0150
IA4 | 0.5321 | 187 0.0440

Signal selection for TA2

Fig. 6.23 shows the normalized average magnitude of residue corresponding to TA2.
Table 6.9 lists the signals which have passed Criteria-1. All the selected signals have
less variation as evident from the determinant of ECM. Pjg 14 is the signal with
least variation in residue corresponding to IA2. Fig. 6.24 shows the angle of residue
corresponding to the inter-area modes for the signal P;g_14 for all operating conditions
and Table 6.10 summarizes the residue characteristics of Pig_14. Each subplot shows

average magnitude of residue. ZR;4o and ZR;43 have less variation and their values

are around 90 degree.

are around 180 degree. However, values of |Ry1| and |R;a4| are significantly less

ZRra and ZRja4 have higher variation and their values
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Figure 6.23: Normalized average magnitude of residue for feedback signals corresponding
to inter-area mode, TA2

compared to |Rj4s|. Hence a controller shifting IA2 to left will not influence IA1 or
[A4. Since ZRy40 and ZRja3 are within a narrow range, the direction of shift of TA2

and TA3 will be almost in same direction.

Table 6.9: Potential feedback signals passed Criteria-1 to represent [A2

Signal | Signal | Signal | Normalized average | Determinant

Index-1 | Index-3 | Name | residue magnitude of ECM
13 1 Pi7_13 0.4045 0.0029
14 2 Py 14 0.5350 0.0009
16 3 Pig 16 0.9234 0.0009
41 4 P35_34 0.3362 0.0013
49 5 Py 0.4330 0.0010
50 6 Pig 4o 0.4316 0.0013
54 7 Pss5_y5 0.3362 0.0013
61 8 Pys_ 51 0.4648 0.0013
62 9 Pso_s51 0.4373 0.0012
181 10 Ii7 13 0.3521 0.0077
182 11 Iy 14 0.5456 0.0009
184 12 Iig 16 1.0000 0.0011
217 13 Iys 41 0.3313 0.0340
229 14 Iy5 51 0.3821 0.0314
230 15 I50-51 0.4784 0.0024

Signal selection for 1A3

Table 6.11 lists the signals which have passed Criteria-1 for TA3. All the selected

signals have less variation as evident from the determinant of ECM. The signal Pig 14
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Figure 6.24: Angle of residues for the signal Pig 16

Table 6.10: Residue characteristics of signal Pig_1g

Signal : Pig_16
Mode | |R| ZR | det(Preb-Pis-1s)
IA1 | 0.1633 | 206.20 2.0122
[A2 | 19.300 | 97.479 0.0008
IA3 | 4.1011 | 83.46 0.0156
[A4 | 0.7154 | 177.81 0.8019

Signal selection for 1A4

sufficient for stable operation.

134

signal selected to represent IA2 and it is suitable for IA3 as well.

600

700 800

has least variation in residue as evident from determinant of ECM. This is also the

From 260 initial signals, 40 signals passed criteria-1 for [A4. Few of those signals
are listed in Table 6.12. However, the variation in residue corresponding to IA4 for
transfer function between the signals and the TCSC reference input is found to vary
a lot as evident from higher determinant of ECM. This is also verified using visual
inspection of residue. If the TCSC is used to damp the IA4, it will result in unexpected
eigenvalue movement. Hence it is not advisable to use the TCSC to improve damping

of TA4. Moreover, the PSS has significantly improved the damping of 1A4 which is



Table 6.11: Potential feedback signals passed Criteria-1 to represent [A3

Signal | Signal | Signal | Normalized average | Determinant

Index-1 | Index-4 | Name | residue magnitude of ECM
14 1 Py 14 0.6370 0.0188
15 2 Py 15 1.0000 0.0198
16 3 Pis 16 0.4794 0.0156
49 4 Py 41 0.5644 0.0219
50 5 Pig_yo 0.4304 0.0203
182 6 Iy 14 0.6487 0.0187
183 7 LIy 15 0.9697 0.0192
184 8 Lis 16 0.5050 0.0167
217 9 LIyo 4 0.4303 0.0763

Table 6.12: Potential feedback signals passed criteria-1 to represent 1A4

Signal | Signal | Signal | Normalized average | Determinant

Index-1 | Index-5 | Name | residue magnitude of ECM
17 1 Psg_17 1 0.0748
13 2 Pi7_13 0.9582 0.0954
181 3 L7143 0.9565 0.0805
185 4 Is6-17 0.8776 0.1436
211 5 Ig1_36 0.8768 0.0601
43 6 Ps1-36 0.8695 0.0752
15 7 Py 15 0.8667 1.2296
183 8 Iy 15 0.8373 1.2187
241 9 Pso—61 0.607 0.0576
233 10 Pss_s54 0.5977 0.0506

Controller design

A two input single output controller for the TCSC is designed using the selected
feedback signals. The controller should improve damping of A1, IA2 and A3 while
preserving the damping of other modes. Residue approach mentioned earlier is used

to design the controller. The proposed controller structure is given by,
K N
K(s) = [ 1) | _ 4 | Nals)

Ka(s) | PO | Npo(s)

Table 6.13: feedback signals for the TCSC damping controller

No. | Signal | Mode of interest ZR
1 | Psi_30 IA1 LRy = 187°
2 | P s [A2 LRypg = 97.5°
IA3 ZRya = 83.46°
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Table 6.13 lists the two feedback signals and its characteristics. The signal FPg_39
is selected to improve damping of IA1 with /Ry equals to 187°. This angle will
decide phase of Ky (s). Similarly, Pis_1¢ is selected for IA2 and IA3 with ZR;, and
ZRya3 equal to 97.5° and 83.46°, respectively, which decides phase of Ky (s). However,
some tuning is required to make robust performance which can be carried out using

variety of techniques such as robust pole placement [12].

1
25241025+ 1

K(s)

—s% —4s
(6.18)
0.0004s% + 0.4s

(6.18) shows the transfer function of the TCSC based damping controller and Fig.
6.25 shows the bode diagram of the transfer function. The phase angle of the final
controller compensates for the respective residue angle. Fig. 6.26 shows the closed
loop and open loop eigenvalues of the 16 machine system with and without damping
controllers, respectively. The blue shade indicates the open loop eigenvalues for
all operating conditions and the red shade show closed loop eigenvalues obtained
using the PSS and the TCSC damping controllers. It is clear from the figure that,
all the modes show negative shift indicating improvement in damping ratio. The
important point to note is that, the proposed signal selection approach helps to
design a controller using simple methods and it inherently ensures robust controller
performance for large number of operating conditions by selecting feedback signals
with less variation in residue.

However, it should be noted that in the proposed signal selection method the
performance of the controller is sometimes compromised by selecting the feedback
signals with less magnitude of the residue. In the figure, though the controller is
able to shift the inter area modes towards the left the amount of shift is not enough
under some other operating cases. Such operating cases require further damping
action from other sources. However, the selection of the feedback signals with least
variation in the residue helps in designing the controller which is robust for many

operating scenarios.

6.6 Art of signal selection

Availability of WAMS signal makes the feedback signal selection process laborious
due to number of choices available. On the other hand operating conditions in

future power system will show large variation which makes robust damping controller
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Figure 6.25: Bode plot of the TCSC damping controller
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Figure 6.26: Closed loop eigenvalues of the 16 machine system with damping controllers.
Blue shade show open loop eigenvalues and red shade show closed loop eigenvalues.
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design difficult. The judicious selection of feedback signal using the criteria presented
above can achieve robust damping controller for large number of operating conditions.
However applying these criteria for all possible signals including hybrid signals is a
lengthy task. In this chapter an elimination approach rather than selection is adopted,
where signals are eliminated following each criteria.

From Tables 6.6, 6.9, 6.11, and 6.12, it is evident that signal with higher magnitude
of residue lies in the corridor connecting generators participating in inter-area mode.
A designer can focus on this corridor eliminating signals from all other locations.
Any power system signals such as voltage, current, power or its combinations can be
included in the initial signal set.

In a large power system, one can easily pick hundreds of possible feedback signals.
Applying signal selection criteria for all possible signals is a lengthy task. The
importance of the elimination concept is useful in this context, where signals are
eliminated following each criterion. The objective of signal selection can be slightly
changed to finding a suitable signals instead of the best signal. All unsuitable signals
can be eliminated one by one culminating in a suitable signal.

However in this procedure, a signal having less magnitude of residue may be
selected which will increase the control effort or reduce controller performance.
However, the signal will be robust to all operating conditions and will ensure a shift

in eigenvalues towards increased damping for large number of operating scenarios.

6.7 Chapter summary

The chapter presents a signal selection criteria for damping controller design for power
systems with large variation in operating conditions. The variation in operating
conditions will change modal controllability and modal observability, product of which
is the residue. The magnitude and angle of the residue is an important factor for
controller performance. The signal selection criteria presented in the chapter selects
signal having least variation in residue and hence ensures robustness in controller
performance for large number of operating conditions. Simulation results using a 16
machine test system is presented to validate the proposed method. 800 operating
scenarios of the test system are generated considering variations in synchronous
generator output and load, and wind farm output variation. A PSS and a TCSC
based supplementary damping controller are designed to improved damping of local

and inter-area modes.
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Chapter 7

Damping improvement using wind

generators

In this chapter, the possibility of using wind generator as an actuator for inter-area
oscillation damping controller is discussed. The results are presented using the two-
area test system and the representative GB network.

Because of the decoupling nature of the system both active and reactive power
can be controlled independently. The torque reference input is modulated to change
the active power output. Additional power required can be extracted from turbine
through changing pitch angle under rated regime of operation, and slowing down
of turbine during sub-rated regime of operation. For reactive power variation, either
voltage reference input or reactive power reference input can be modulated, depending
on the individual settings of the wind farm.

The chapter is organized as follows. Using a detailed WTG model, the concept of
controller design using active and reactive power modulation is explained. The issue
of interaction between torsional mode and methods of reducing such interaction is
explored. The damping controller concept is validated using the two-area test system
model. The choice of active or reactive power modulation for wind farm is explored
using the reduced GB network model. The generic WTG model is used in the GB
network and the concept of damping controller design using wind farm is extended

to the GB system.
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7.1 Damping improvement using active power con-

trol

The modulation of active power input to the system can directly influence the angular
difference between synchronous generators and hence can be used to damp inter-area
oscillations. If the location of wind farm provides sufficient controllability to inter-area
mode, active power modulation might be viable option. Earlier literatures suggest

that, in some cases active power control may be better than reactive power control
[115, 116, 117].

Case for active power modulation

However, the choice of active power modulation for wind farm may be perceived as
difficult due to two reasons. (1) Active power modulation will induce torsional mode
oscillations between turbine and generator shafts and cause fatigue. The interaction
of torsional mode is discussed in the next section. (2) Unavailability of headroom
for active power modulation for damping control due to the urge to utilize 100%
of the available wind power. But this may not be the case in future. In order to
securely operate power system in the event of a generation loss, reserve capacity
must be present in the network at all times. Synchronous generators automatically
provide this service initially through inertial response and later by governor action.
Since the modern WTGs do not offer any inertial response, other than synthetic
inertia, synchronous generators are bound to stay in the network. However, some
grid operators are encouraging wind farm operators to allocate certain percentage
of available capacity for frequency response [118, 119, 120]. Fig. 7.1 shows the
frequency controlled active power regulation requirement set by the Eirgrid, the Irish
grid operator. During the frequency points B and C around 50Hz, the output of wind
farm is reduced to a set point. With stable demand and increased wind generation in
future, wind output may be constrained [121, 122]. This is particularly true for the
systems having large nuclear generation during light loading conditions. Similarly,
network conditions can force the wind to reduce its output [123]. It is inevitable that
wind farm may operate at less than its available capacity. The unused capacity in

future can be used to provide damping support through active power modulation.
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Figure 7.1: Wind farm Power-Frequency Response Curve of Irish Grid, Source Eirgrid, [119]

7.1.1 Interaction with torsional mode due to active power

modulation

One of the issues with the active power modulation is the possible interference with
torsional oscillation mode of wind turbines [116]. The active power modulation may
decrease the damping ratio of torsional mode while improving the inter-area mode
damping.

Let us consider the two-area test system with three synchronous generators and
a DFIG. The Table. 4.1 shows the modes of the system. The mode (—2.14 £+ j11.2)
having higher participation to w, and 6, states of the DFIG represents torsional mode
oscillations of the machine and the mode (—0.003 £ j4.32) having participation to w
and ¢ of synchronous generators G1, G2 and G3 represent the inter-area modes in the
system. The frequency of torsional mode and inter-area mode are 1.78Hz and 0.68Hz,
respectively and the damping ratio of the modes are 18.82% and 0.001%, respectively.
It is to be noted that, the inter-area mode is poorly damped while torsional mode
has higher damping. However, due to critical and complex nature of WTG system,
higher damping is necessary and a fall in damping of this mode is not acceptable.

Fig. 7.2 shows the root locus of the system with active power modulating input
and various output signals. Signals such as active power, reactive power and current,
between three different pairs of buses are considered. In all the root locus plots, a zero
is located at the right hand side of the torsional mode. With increase in feedback

gain, the torsional mode shifts towards right reducing the damping ratio which is
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undesirable. Such interaction will question the use of active power modulation for

damping controller design.
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Figure 7.2: Root locus plots of the two-area system with DFIG showing effect of active
power modulation on torsional mode. System input is torque reference and outputs are
specified in title of subplots. P6 — 7 indicates active power flow between buses 6 and 7.

But, a judicious selection of feedback signal can solve this issue. Following two
criteria are used as thumb rules to select feedback signals for inter-area mode damping
controller so as to avoid any possible interaction with torsional mode. They are formed
in line with Criteria-3 defined in Chapter-6

- ZRry and ZRypap for the feedback signal should be equal or within narrow
range. This will give a similar direction of shift for a static gain controller, and

with a phase compensation, both the modes will shift towards the left.

- The magnitude of residue corresponding to torsional mode (Ryz)s) should be as
small as possible compared to the magnitude of residue corresponding to inter-
area mode (Rjaps). This will ensure that, the shift of torsional mode is smaller

than the shift of inter-area mode.

142



7.1.2 Damping controller design

From the root locus plots in Fig. 7.2, the plots corresponding to signals P10 — 9,
Q7 —8, 16 — 7, and I7 — 8 have initial shift of both the mode towards left. This
satisfies first criteria and suggests an improved damping for small values of feedback
gain. Fig. 7.3 shows the normalized (w.r.t TAM) magnitude of residue corresponding

to torsional mode given by,

/
= M where, f indicates feedback signal (7.1)

(Rl = 1
’RIAI\VI’

TM

0.25

0.2r

0.15 Q 10-916-7

| 7-8

0.1r

0.051

Figure 7.3: Normalized magnitude of residue corresponding to torsional mode for active
power reference input in the two-area test system with DFIG

Out of the four signals found suitable based on angle criteria, the signal P10 — 9

has the least |RJ}.,,|, 5%, for the torsional mode compared to the inter-area mode.
Which means, if P10 — 9 is used as feedback signal, for every one unit shift of inter-
area mode, torsional mode will shift 0.05 unit. This estimate is true only for small
values of controller gain constant and can change with controller transfer function.
A controller with transfer function in (7.2) is designed using the feedback signal
P10 — 9 and active power modulation input. The eigenvalue shift with increase in
controller gain constant is plotted in Fig. 7.4. The controller is able to provide

sufficient damping without causing any deterioration to torsion mode damping.

B 0.1s% + 10s
25241025+ 1

K(s) (7.2)

The controller performance is validated using a time domain simulation following

a three phase fault at bus #7. The inter-area oscillation is captured between the
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Figure 7.4: Plot showing eigenvalue shift for the two-area system with DFIG for damping
controller using active power modulation

generators in both the areas and plotted in the Fig. 7.5. The oscillation is well
damped with the designed controller. The modulated active power and the reactive

power output of DFIG are shown in Fig. 7.6 and Fig. 7.7, respectively.
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Figure 7.5: Closed loop response of two-area system with DFIG using damping controller

modulating active power output: Plot shows angle difference between generators G1 and
G3

7.2 Damping improvement using reactive power or

voltage control

From the perspective of damping control, the reactive power control of wind farm is
similar to SVC operation. The voltage or reactive power reference of wind farm can
be modulated using a supplementary damping controller to achieve required stability

margin for the power system. Like active power control, the controllability, hence the
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Figure 7.6: Closed loop response of two-area system with DFIG using damping controller
modulating active power output: Plot shows active power output of DFIG

N
o

- - =-Without control

—With control
2.58¢

2.56¢

2.54¢

2.52

Reactive power output (pu)

2.5

T R —
Time (sec)

Figure 7.7: Closed loop response of two-area system with DFIG using damping controller
modulating active power output: Plot shows reactive power output of DFIG

location of the wind farm, is an important selection criteria.

7.2.1 Interaction of torsional mode due to reactive power

modulation

The Fig. 7.8 shows the root locus plots of the system with reactive power modulation
input and different output signals for the two-area test system. Signals such as
active power, reactive power and current, between three different pairs of buses are
considered. It is clear from the figure that, for all the combinations of outputs and
reactive power input, the torsional mode does not exhibit any change.This means
that, reactive power modulation has no impact on torsional mode oscillation of the

system.
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Figure 7.8: Root locus plots of the two-area system with DFIG showing effect of reactive
power modulation on torsional mode. System input is voltage reference and outputs are
specified in title of subplots. P6 — 7 indicates active power flow between buses 6 and 7.

7.2.2 Damping controller design

A controller of the transfer function in (7.3) is designed with reactive power reference
input and active current between buses #9 and #10 as inputs to controller. The
signal is selected based on the higher magnitude of residue. The robustness is not
considered as controller design criteria as the objective of this study is to validate the
potential of reactive power modulation for damping control. The scheduled voltage
of all generators are altered (compared to system used in previous section)to lower
the reactive power output of wind farm. This will provide sufficient reactive power

margin for damping controller operation.

B 0.002s% + 0.01s2 + 0.8s
©0.032453 +0.392452 + 1.365 + 1

K(s) (7.3)

Fig. 7.9 shows the inter-area mode oscillation with and without damping controller

which shows a good performance. The active and modulated reactive power output of
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DFIG are plotted in Fig. 7.10 and 7.11, respectively. As expected from the decoupled
control of DFIG, only the reactive power output is modulated leaving active power

more or less same irrespective of the presence of damping controller.
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Figure 7.9: Closed loop response of two-area system with DFIG using damping controller
modulating reactive power output: Plot shows angle difference between generators G1 and
G3
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Figure 7.10: Closed loop response of two-area system with DFIG using damping controller
modulating reactive power output: Plot shows active power output of DFIG

7.3 Damping improvement for GB system

Inter-area oscillation damping improvement using wind farm control for equivalent
GB system is discussed in this section. The Type-4 generic WT'G model is used to
represent the wind farm. For controller using active power modulation, the output
of controller is added to the active power reference input signal P,.;. For damping

controller using reactive power modulation, two inputs are possible. If the wind farm
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Figure 7.11: Closed loop response of two-area system with DFIG using damping controller
modulating reactive power output: Plot shows reactive power output of DFIG

is operating in constant reactive power mode the controller output can be added with
Qorq- In case, it is operating in voltage control mode, the input V., in generator
converter model can be used to connect controller output. The controller design

considers all operating conditions discussed in previous chapter.

7.3.1 Choice between active and reactive power modulation

As described in previous section, wind farm can contribute to damping improvement
using both active power and reactive power modulation. The choice of control input
is very important for effective control action. In this section, the choice of actuator
for the GB system is presented. As with any other type of damping controller,
the controllability of interested mode through selected input is the best criterion for
actuator selection. Fig. 7.12 shows the controllability of voltage reference input
and active power reference input for different wind farms over the nine operating
conditions discussed in the Chapter 5. The controllability indicates the influence of
the input on the mode of interest. The x-axis shows high voltage bus number where
the wind farm is located.

From the figure, the first wind farm has higher controllability for active power
reference input compared to voltage reference input for all operating conditions. So
it is better to use active power modulation for this wind farm. The third wind farm
shows similar trend. The controllability of the inter-area mode using active power
modulation is poor for wind farms in buses #2, #4, #11, and #27. It is not advisable
to use those wind farms for damping control action using active power modulation.
The wind farm at bus #6 shows similar controllability for both active and reactive

power reference input. Hence, both types of controllers can be designed for this wind
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Figure 7.12: Controllability of inter-area mode in representative GB system for different
wind farms under the nine operating conditions.

farm. For wind farms in buses #2, #7 and #27 reactive power modulation is better
than active power modulation.

Another important factor to consider while selecting wind farm is its capacity.
Sufficient margin for active power output is required for damping control action.
Hence if wind farm relatively small in capacity and/or is operating close to its available
capacity it may not be able to support damping control action. Similarly, for the
reactive power modulation, the wind farm power factor must be closer to unity or
sufficiently far away from its limiting value, 0.95.

In this chapter, wind farm in bus #1 is used to design damping controller using
active power modulation and wind farm at bus #6 is used to design controller

modulating voltage reference input.
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7.3.2 Damping controller
Using reactive power modulation

The damping controller modulates the voltage reference input of the wind farm
located at #6. The residue analysis is carried out to find a suitable feedback signal
for the damping controller design. Fig. 7.13 shows the residue corresponding to the
inter-area mode for transfer function between various feedback signals and voltage
reference input of the wind farm. Different feedback signals such as active power,
reactive power and active current through all transmission lines are considered. Since
most of the transmission lines lie between the Scotland-England corridor, the mode
is observable in several signals and hence number of good signals are available with

high magnitude of residue.
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Figure 7.13: Average magnitude of residue for transfer function between different feedback
signals and voltage reference input of wind farm at bus #6; GB test system

0.02s% + 0.8s

K —
(8) = sl T 1028s 1 1

(7.4)

Active power signal on a transmission line between buses #6 and #9 is used for
the controller design. The transfer function given by (7.4) is designed. The open
loop and closed loop eigenvalues of the system with the controller are plotted in Fig.
7.14. Tt is shown that the inter-area mode damping is improved for all the operating
scenarios of the GB network.

The controller is validated using time domain simulation in which a three phase
fault is applied for 100msec in bus #24. The angle difference between generators at
buses #2 and #23 is plotted in Fig. 7.15 which shows the inter-area mode oscillation
with and without controller. The controller is able to effectively damp out the

oscillation. The reactive and active power output of DFIG used for damping control
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Figure 7.14: Eigenvalues of GB system with damping controller using reactive power
modulation. ‘o’ show open loop eigenvalues and '/’ show closed loop eigenvalue. The
dotted rectangle encloses closed loop inter-area modes and ellipse encloses open loop inter-

area modes
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Figure 7.15: Closed loop response of GB system using damping controller modulating
reactive power output: Plot shows angle difference between G1 and G23
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Figure 7.16: Closed loop response of GB system using damping controller modulating
reactive power output: Plot shows reactive power output of DFIG used for damping control
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is plotted in Fig. 7.17, and Fig. 7.16 respectively. With controller in operation,
the reactive power output is high during first two cycles after the fault. The margin
of reactive power available for damping control is very important as the wind farms
cannot operate power factors less than 0.95. The active power does not vary owing

to the decoupled control of the wind farm.
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Figure 7.17: Closed loop response of GB system using damping controller modulating
reactive power output: Plot shows active power output of DFIG used for damping control

Using active power modulation

The wind farm located at bus #1 is selected to install a damping controller modulating
active power output. Using residue analysis, the active power signal through a
transmission line connecting buses #6 and #9 is selected as feedback signal. A

controller of transfer function given in (7.5) is designed.

0.165s% + 0.3s

= 7.5
0.4s? +10.04s + 1 (7.5)

K(s)

The open and closed loop poles of the system for all the operating conditions
using the controller are plotted in Fig. 7.18. The controller shifts the inter-area
modes towards left to improve the damping for all the operating conditions.

Similar to the previous case, time domain simulation is run with a three phase
fault of 100msec at bus #24. The response is plotted in Fig. 7.19, Fig. 7.21, and
Fig. 7.20 where it is shown that the controller effectively damps the oscillation. The
active power output is modulated to improve the damping, whereas the change in

reactive power is due to the voltage controller.
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Figure 7.18: Eigenvalues of GB system with damping controller using active power
modulation. ‘o’ show open loop eigenvalues and '/’ show closed loop eigenvalue. The
dotted rectangle encloses closed loop inter-area modes and ellipse encloses open loop inter-
area modes
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Figure 7.19: Closed loop response of GB system using damping controller modulating active
power output: Plot shows angle difference between G1 and G23
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Figure 7.20: Closed loop response of GB system using damping controller modulating active
power output: Plot shows reactive power output of DFIG used for damping control
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Figure 7.21: Closed loop response of GB system using damping controller modulating active
power output: Plot shows active power output of DFIG used for damping control

7.4 Chapter summary

The chapter discusses the possibility of using WTG system as an actuator for damping
controller design. The decoupling control of DFIG system, allow the use of active
or reactive power modulation for damping control. However, the active power
modulation will interfere with torsional mode oscillation of the WTG. It is shown that,
through careful selection of feedback signal the negative effect of damping controller
on torsional mode can be minimized. Further, the location dependency of WTG on
selection of active or reactive power modulation is discussed using the GB test system
model. The chapter shows that, WT'Gs can be used for damping control depending

on the location of wind farm.
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Chapter 8
Conclusions and Future work

The thesis deals with stability of inter-area oscillations in future power systems. The
oscillations are the transmission line bottleneck in many systems. The future power
systems will be characterized by higher variability in operating conditions due to large
contribution of weather dependent renewable generation, large scale interconnection
involving several grids, free electricity market where price takes precedence over
economic despatch or technical boundaries, etc. A combined effect of them will
create different power flow patterns in transmission network. The stability of inherent
oscillatory modes in the ac system is important for providing flexibility required under
these operating conditions. The major contribution of the thesis is discussed below.

The first achievement of the thesis is development of a dynamic test system model
for GB transmission network. The model contains 34 generators (21-thermal, 5-
hydro and 8-wind farm) and 63 buses (29-high voltage buses and 34-generator buses).
The model is suitable for analyzing the well observed 0.5Hz Scotland-England inter-
area mode with different generation scenarios. The share of wind penetration in GB
network will increase by approximately eight folds by year 2020 compared to year
2010. Similarly, several thermal power stations which are close to its working life
will be closed. Further, large amount of power will be exchanged between UK and
mainland Europe through new and existing inter-connections creating large variation
in operating conditions in the network. The dynamic model of GB network is useful
to analyze the effect of these operating scenarios of future GB system on the inter-
area mode. The generation mix in the dynamic test system model can be varied to
simulate different operating scenarios.

The Chapter 5 presents a qualitative behavior of inter-area mode damping with
increased wind generation. The study is conducted using two test systems; a two-area

test system with a WTG and the GB test system model. Different possible operating
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scenarios of two test systems are generated with increased wind penetration. Effect
of three factors are considered in the chapter: the effect of change in output of
generator participating in inter-area mode, the effect of disconnecting synchronous
generator, and the effect of change in inter-area power flow. With increased wind
penetration, conventional generating station output, especially thermal generators
will be reduced. Some times, the generators will be disconnected from the network.
The results show that, change in damping ratio is higher, if change in generation
occur in generators participating in inter-area mode, for similar power flow. Similar
behavior is observed when generators are disconnected from the network. If the
generator have high participation to inter-area mode, the damping will improve. It
is also shown that, the change in inter-area mode with change in output of generator
participating in the mode is in horizontal direction in the eigenplane. However, a
vertical shift of the mode in the eigenplane is observed when synchronous generators
are connected/disconnected from the network. This is due to change in effective
inertia of the system. The change in inter-area power flow causes the eigenvalue
movement in vertical direction in the eigenpane with a frequency increase as inter-
area power flow reduces.

In practical power systems, these factors occur in tandem and in different
proportions from time to time. This will cause large variation in damping of inter-
area mode. In GB test system model, when thermal generators close to wind farm
reduced their output, the damping improved. However, when thermal generators in
England reduced their output or removed from the network which represents most
likely scenario in future, the damping decreased and some times become negative.
With higher export of wind power from Scotland to main land Europe through
England, the inter-area power flow will increase resulting in poor damping of the
inter-area mode.

Power system damping controllers must be installed in the network to improve
damping of the mode for all possible operating conditions to achieve future operational
objectives. However, it is shown that with increased wind penetration and variation
in operating condition, the modal controllability and modal observability, product of
which is residue, varies in wide range. Variation in magnitude and angle of residue
will affect the performance of damping controllers.

In the Chapter 6, a signal selection approach for power system damping controller
design is presented. = The method is suitable for selecting signal for FACTS
based damping controllers used in power systems with large variation in operating

conditions. The underlying idea behind the method is to select a signal with least
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variation in magnitude and angle of residue. This will simplify controller design and
ensure robust controller performance for large number of operating conditions. The
method is based on error covariance matrix. This matrix is computed for each signal
over a large number of operating scenarios. For a given signal, the residue error
covariance matrix can be represented by an ellipse in two dimensional plane. We
compute the area of this ellipse for each signal and the one with least area gives
less uncertainty in the residue variation and hence this signal can be accepted to
give robust performance. The criteria presented in the chapter is used to design
damping controller for a 16 machine test system. Using the proposed signal selection
approach a simple low order controller is designed which give robust performance for
large number of operating conditions. However in this procedure, a signal having
less magnitude of residue may be selected which will increase the control effort or
reduce controller performance. Nevertheless, the signal will ensure robust damping
controller performance for large number of operating scenarios.

The possibility of using wind farm as actuator for damping controller design
is discussed in Chapter 7. Because of its decoupled control, active and reactive
power modulation can be used for damping control action. However, the potential
negative effect of active power modulation on torsional mode of WTG will deter the
manufacturers from installing this control. The thesis shows that, the problem can
be minimized by selecting appropriate feedback signal which minimizes the impact on
torsional mode. Further, the location dependence of wind farm on choice of active or
reactive power modulation is explored using GB test system. It is shown that, when
the wind farm is located at one of the areas participating in the mode, the active
power modulation is more appropriate. Similarly when the wind farm is located
along the tie line connecting two areas participating in the mode, the reactive power
modulation can be used. Using GB test system simulation results, the active and

reactive power modulation based damping controller is validated.
8.0.1 Future work

The inter-area mode oscillations are complex phenomena which depends on several

factors. Some of the further research directions are listed below.

- One of the factors overlooked in this research is the effect of wind farm control
parameters on damping. Since wind farms are required to control the voltage
at the point of common coupling with grid, its performance may affect damping
similar to a SVC operation. The voltage control requirement of wind farm

widely differs between grid operators [122, 124], and it is important to analyze
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the effect of the controller parameters on inter-area oscillation damping.

- Also of interest for future power system is the interaction between different
devices such as wind farms, FACTS devices, HVDC controllers and synchronous
machines. In order to make power systems more flexible, several such devices
will be brought into the system. They may get placed in close electrical
proximity to one another whose interactions can cause instability. Further
research using detailed electromagnetic transient based simulation will be

essential.

- In this work, it is assumed that the feedback signals are readily available from
remote locations. However in practice, issues such as signal delay, difference
in delay between multiple feedback signals, loss of one or more signals etc are
important factors to be considered. Further work is required to improve the

performance of WAMS based damping controller.

- The research has demonstrated that it is possible to improve damping of inter-area
mode through active or reactive power modulation. However, the wind farms
are different from conventional generating stations as it consists of many WTGs
connected through a collector system. For large wind farms, the active power
output of individual WTGs is different depending on factors such as wind speed,
wind direction, wake effect, collector system configuration etc. Further work is
required to find the best division of active power contribution required from
each WTG. This is also important in case of reactive power modulation due
to the fact that, the WTG closer to the grid may contribute more effectively
compared to the one away from the grid. Communication and control issues

inside wind farm will also play a major role in damping effectiveness.

- Also, the complex and critical nature of WTG system require more detailed analysis
on the effect of active power modulation on torsional mode damping. The wind
farm operator may not be willing to take risk on the torsional mode oscillations
in the system. A higher order model of the system is required for detailed

analysis and controller design validation.

- Further work is underway to improve the dynamic GB system model by introducing
FACTS devices, HVDC lines, and interconnections. A more realistic power flow
scenario for the GB system for year 2020 is sought considering correlation of
wind and load, correlation of wind across the grid, and power flow through

inter-connections.
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Appendix A

Simulink realization of simple
transfer function blocks in

Simulink

Assume a first order transfer function of the form,

Y 1
TF =% = Al
z 14T, (A1)

It can be written as

y+Tusy = o (A.2)

1
i = -y (A3)
v = [ (A4)

Figure A.1: Simulink representation of a first order transfer function

A pictorial representation of these equation in given in Fig. A.1. The value of x
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or y is found by setting y = 0. The value of y at time t=0 needs to be specified in
the integrator block.

Lead-lag block

A lead-lag block is split into two branches in order to avoid a differentiation block in

simulation.

y 14T,
TF = == A5
X 1—|—STb ( )

T, 1-7%
= =2 A6
Tb_'_l—l—STb ( )

K2
= Kl A7
+1+3Ta (A7)

Alternatively a big transfer function can be converted to state space form to
include in the Simulink model. Simulink implementation of synchronous machine’s
torque-angle loop and rotor electrical block are shown in Fig. A.2 and Fig. A.3,

respectively.
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Figure A.2: Implementation of Torque-Angle loop
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Figure A.3: Implementation of rotor electrical block shown in Fig. 3.2
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Appendix B

Two area test system data

Wind generators use standard parameters specified in Appendix . When a generator
is removed from the network, corresponding buses and transformer are also removed.
All the data is specified in system base MVA = 100 MVA. The data is adopted from

(72, 73]. The WTG data is given in Appendix D.

Table B.1: Two area system: Bus data

Busno | V, 0, P, Qg Pr Qr G B
1 1.03 | -0.69 | 7.00 | 1.08 | 0.00 | 0.00 | 0.00 | 0.00
2 1.01 | -13.55 | 3.50 | 0.18 | 0.00 | 0.00 | 0.00 | 0.00
3 1.03 | 0.00 | 7.00 | 1.32 | 0.00 | 0.00 | 0.00 | 0.00
4 1.01 | -12.94 | 3.50 | 0.76 | 0.00 | 0.00 | 0.00 | 0.00
5 1.02 | -7.07 | 0.00 | 0.00 | 0.00 | 0.00 | 0.00 | 0.00
6 1.01 | -16.83 | 0.00 | 0.00 | 0.00 | 0.00 | 0.00 | 0.00
7 1.01 | -22.72 | 0.00 | 0.00 | 9.67 | 1.00 | 0.00 | 2.00
8 1.05 | -24.72°| 0.00 | 0.00 | 0.00 | 0.00 | 0.00 | 0.00
9 1.00 | -26.28 | 0.00 | 0.00 | 17.67 | 1.00 | 0.00 | 3.50
10 1.00 | -16.26 | 0.00 | 0.00 | 0.00 | 0.00 | 0.00 | 0.00
11 1.02 | -6.40 | 0.00 | 0.00 | 0.00 | 0.00 | 0.00 | 0.00
12 1.00 | -9.54 | 7.00 | 0.46 | 0.00 | 0.00 | 0.00 | 0.00

Table B.2: Two area system: Line data

From bus | To bus

Resistance

Reactance

Line charging
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11
10

11

10

12

0.011
0.011
0.011
0.011
0.001

0.0000
0.0000
0.0000
0.0000
0.0025
0.0025
0.0010
0.0010

0.0167
0.0167
0.0167
0.0167
0.0250
0.0250
0.0100
0.0100
0.1100
0.1100
0.1100
0.1100
0.02

0.00
0.00
0.00
0.00
0.0437
0.0437
0.0175
0.0175
0.1925
0.1925
0.1925
0.1925
0.00

Table B.3: Two area system: Synchronous machine parameters

Mac | Bus | Base | X R, g | w; | Tp | 4 x; Tq/0 H
No. | No. | MVA
1 1 100 | 0.022 | 0.0003 | 0.2 | 0.033 | 8 |[0.19]0.06 | 0.4 |63
2 2 100 | 0.022 | 0.0003 | 0.2 | 0.033 | 8 [0.19|0.06 | 0.4 | 63
3 3 100 | 0.022 | 0.0003 | 0.2 | 0.033 | 8 |0.19|0.06 | 0.4 | 54
4 4 100 | 0.022 | 0.0003 | 0.2 | 0.033 | 8 | 0.19 | 0.06 | 0.4 | 54

Table B.4: Two area system

: Excitation system data

Ky

Ty

Te | Ty

Kg

T | Kp

Kp

40

0.02

010

1

0.785 | 1

0.03
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Appendix C

Sixteen Machine five area test

system data

All the data is specified in system base MVA = 100 MVA, except WTG data which
is in machine base. The WTG data is given in Appendix D. The data is adopted
from [12].

Table C.1: 16 machine system: Bus data

Busno | V, 0, P, Qyq Py, Qr G B
1.00 | 1.00 | 12.24 | 2.50 | 0.15| 0.00 | 0.00 | 0.00 | 0.00
2.00 1099 |15.15| 545 | 1.76 | 0.00 | 0.00 | 0.00 | 0.00
3.00 |1.00|17.38 | 6.50 | 2.14 | 0.00 | 0.00 | 0.00 | 0.00
4.00 | 1.00 | 1897 | 6.32 | 0.77 | 0.00 | 0.00 | 0.00 | 0.00
5.00 | 1.01 | 17.44 | 5.00 | 1.37 | 0.00 | 0.00 | 0.00 | 0.00
6.00 | 1.05(21.99 | 7.00 | 3.01 | 0.00 | 0.00 | 0.00 | 0.00
7.00 | 1.03|24.70 | 5.60 | 1.20 | 0.00 | 0.00 | 0.00 | 0.00
8.00 | 1.03|17.57 | 5.40 | 0.87 | 0.00 | 0.00 | 0.00 | 0.00
9.00 | 1.03|22.13 | 8.00 | 0.52 | 0.00 | 0.00 | 0.00 | 0.00
10.00 | 1.01 | 17.12 | 5.00 | 0.23 | 0.00 | 0.00 | 0.00 | 0.00
11.00 | 1.00 | 19.85 | 10.00 | 0.15 | 0.00 | 0.00 | 0.00 | 0.00
12.00 | 1.02 | 5.31 | 13.50 | 2.91 | 0.00 | 0.00 | 0.00 | 0.00
13.00 | 1.01 | 0.00 | 36.04 | 9.10 | 0.00 | 0.00 | 0.00 | 0.00
14.00 | 1.00 | 48.09 | 17.85 | 1.06 | 0.00 | 0.00 | 0.00 | 0.00
15.00 | 1.00 | 41.60 | 10.00 | 0.71 | 0.00 | 0.00 | 0.00 | 0.00
16.00 | 1.00 | 47.11 | 40.00 | 5.06 | 0.00 | 0.00 | 0.00 | 0.00
17.00 1 0.99 | -6.84 | 0.00 | 0.00 | 60.00 | 3.00 | 0.00 | 0.00
18.00 | 0.99 | 40.16 | 0.00 | 0.00 | 24.70 | 1.23 | 0.00 | 0.00
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19.00
20.00
21.00
22.00
23.00
24.00
25.00
26.00
27.00
28.00
29.00
30.00
31.00
32.00
33.00
34.00
35.00
36.00
37.00
38.00
39.00
40.00
41.00
42.00
43.00
44.00
45.00
46.00
47.00
48.00
49.00
50.00
51.00
52.00
53.00
54.00

0.99
0.99
0.99
1.01
1.01
0.99
1.01
1.01
1.00
1.02
1.02
1.01
1.01
1.01
1.01
1.02
1.02
1.00
0.99
1.01
0.98
1.03
1.00
1.00
0.99
0.99
1.01
0.99
1.03
1.03
0.98
1.01
1.02
0.98
1.01
1.00

13.80
12.32
11.54
16.59
16.29
8.85
10.71
9.14
7.13
12.49
15.29
7.05
9.82
12.43
8.65
3.33
3.32
-0.41
7.47
9.85
-8.22
16.66
46.55
40.74
-7.48
-7.51
3.32
10.77
8.36
10.38
14.11
20.55
7.43
6.54
7.62
9.64

0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00

0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00

0.00
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0.00
6.80
2.74
0.00
2.48
3.09
2.24
1.39
2.81
2.06
2.84
0.00
0.00
0.00
1.12
0.00
0.00
1.02
0.00
0.00
2.67
0.66
10.00
11.50
0.00
2.68
2.08
1.51
2.03
241
1.64
1.00
3.37
1.58
2.53
0.00

0.00
1.03
1.15
0.00
0.85
-0.92
0.47
0.17
0.76
0.28
0.27
0.00
0.00
0.00
0.00
0.00
0.00
-0.19
0.00
0.00
0.13
0.24
2.50
2.50
0.00
0.05
0.21
0.28
0.33
0.02
0.29
-1.47
-1.22
0.30
1.19
0.00

0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00

0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00




55.00 | 0.98 | 6.27 | 0.00 | 0.00 | 3.22 | 0.02 | 0.00 | 0.00
56.00 | 0.95| 5.03 | 0.00 | 0.00| 5.00 | 1.84 | 0.00 | 0.00
57.00 | 0.95| 6.11 | 0.00 | 0.00 | 0.00 | 0.00 | 0.00 | 0.00
58.00 | 0.96 | 6.87 | 0.00 | 0.00 | 0.00 | 0.00 | 0.00 | 0.00
59.00 | 0.96 | 4.35 | 0.00 | 0.00 | 2.34 | 0.84 | 0.00 | 0.00
60.00 | 0.96 | 3.75 | 0.00 | 0.00 | 5.22 | 1.77 | 0.00 | 0.00
61.00 | 0.99 | 3.27 | 0.00 | 0.00 | 1.04 | 1.25 | 0.00 | 0.00
62.00 | 0.97 | 9.65 | 0.00 | 0.00 | 0.00 | 0.00 | 0.00 | 0.00
63.00 | 0.96 | 870 | 0.00 |0.00| 0.00 | 0.00 | 0.00 | 0.00
64.00 | 0.95| 872 | 0.00 | 0.00| 0.09 | 0.88 | 0.00 | 0.00
65.00 | 0.96 | 890 | 0.00 |0.00 | 0.00 | 0.00 | 0.00 | 0.00
66.00 | 0.96 | 7.16 | 0.00 | 0.00 | 0.00 | 0.00 | 0.00 | 0.00
67.00 | 0.96 | 6.99 | 0.00 |0.00| 3.20 | 1.53 | 0.00 | 0.00
68.00 | 0.98 | 8.67 | 0.00 |0.00| 3.29 | 0.32 | 0.00 | 0.00
Table C.2: 16 machine system: Line data
From bus | To bus | Resistance | Reactance | Line charging
54.00 1.00 0.00000 0.0181 0.0000
58.00 2.00 0.00000 0.0250 0.0000
62.00 3.00 0.00000 0.0200 0.0000
19.00 4.00 0.00070 0.0142 0.0000
20.00 5.00 0.00090 0.0180 0.0000
22.00 6.00 0.00000 0.0143 0.0000
23.00 7.00 0.00050 0.0272 0.0000
25.00 8.00 0.00060 0.0232 0.0000
29.00 9.00 0.00080 0.0156 0.0000
31.00 10.00 0.00000 0.0260 0.0000
32.00 11.00 0.00000 0.0130 0.0000
36.00 12.00 0.00000 0.0075 0.0000
17.00 13.00 0.00000 0.0033 0.0000
41.00 14.00 0.00000 0.0015 0.0000
42.00 15.00 0.00000 0.0015 0.0000
18.00 16.00 0.00000 0.0030 0.0000
36.00 17.00 0.00050 0.0045 0.3200
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49.00
50.00
68.00
19.00
68.00
21.00
22.00
23.00
68.00
54.00
25.00
37.00
26.00
26.00
26.00
28.00
53.00
61.00
30.00
53.00
30.00
32.00
33.00
35.00
34.00
61.00
68.00
31.00
33.00
41.00
48.00
42.00
18.00
17.00
39.00
43.00

18.00
18.00
19.00
20.00
21.00
22.00
23.00
24.00
24.00
25.00
26.00
27.00
27.00
28.00
29.00
29.00
30.00
30.00
31.00
31.00
32.00
33.00
34.00
34.00
36.00
36.00
37.00
38.00
38.00
40.00
40.00
41.00
42.00
43.00
44.00
44.00

0.00760
0.00120
0.00160
0.00070
0.00080
0.00080
0.00060
0.00220
0.00030
0.00700
0.00320
0.00130
0.00140
0.00430
0.00570
0.00140
0.00080
0.00095
0.00130
0.00160
0.00240
0.00080
0.00110
0.00010
0.00330
0.00110
0.00070
0.00110
0.00360
0.00600
0.00200
0.00400
0.00400
0.00050
0.00000
0.00010
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0.1141
0.0288
0.0195
0.0138
0.0135
0.0140
0.0096
0.0350
0.0059
0.0086
0.0323
0.0173
0.0147
0.0474
0.0625
0.0151
0.0074
0.0092
0.0187
0.0163
0.0288
0.0099
0.0157
0.0074
0.0111
0.0098
0.0089
0.0147
0.0444
0.0840
0.0220
0.0600
0.0600
0.0276
0.0411
0.0011

1.1600
2.0600
0.3040
0.0000
0.2548
0.2565
0.1846
0.3610
0.0680
0.1460
0.5310
0.3216
0.2396
0.7802
1.0290
0.2490
0.4800
0.5800
0.3330
0.2500
0.4880
0.1680
0.2020
0.0000
1.4500
0.6800
0.1342
0.2470
0.6930
3.1500
1.2800
2.2500
2.2500
0.0000
0.0000
0.0000




35.00
39.00
44.00
38.00
53.00
47.00
46.00
45.00
50.00
37.00
55.00
53.00
54.00
55.00
56.00
57.00
58.00
57.00
59.00
60.00
58.00
62.00
64.00
62.00
64.00
56.00
65.00
66.00
67.00
53.00

45.00
45.00
45.00
46.00
47.00
48.00
49.00
51.00
51.00
52.00
52.00
54.00
55.00
56.00
57.00
58.00
59.00
60.00
60.00
61.00
63.00
63.00
63.00
65.00
65.00
66.00
66.00
67.00
68.00
27.00

0.00070
0.00000
0.00250
0.00220
0.00130
0.00125
0.00180
0.00040
0.00090
0.00070
0.00110
0.00350
0.00130
0.00130
0.00080
0.00020
0.00060
0.00080
0.00040
0.00230
0.00070
0.00040
0.00160
0.00040
0.00160
0.00080
0.00090
0.00180
0.00090
0.03200

0.0175
0.0839
0.0730
0.0284
0.0188
0.0134
0.0274
0.0105
0.0221
0.0082
0.0133
0.0411
0.0151
0.0213
0.0128
0.0026
0.0092
0.0112
0.0046
0.0363
0.0082
0.0043
0.0435
0.0043
0.0435
0.0129
0.0101
0.0217
0.0094
0.3200

1.3900
0.0000
0.0000
0.4300
1.3100
0.8000
0.2700
0.7200
1.6200
0.1319
0.2138
0.6987
0.2572
0.2214
0.1342
0.0434
0.1130
0.1476
0.0780
0.3804
0.1389
0.0729
0.0000
0.0729
0.0000
0.1382
0.1723
0.3660
0.1710
0.4100

Table C.3: 16 machine system: Synchronous machine parameters

Mac
No.

Bus Base

No. | MVA

X

R,

Zq

’

Ty

/

TdO

x

q

/

Lq

!

Tq 0
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1.00 | 1.00 | 100.00 | 0.01 | 0.00 | 0.10 | 0.03 | 10.20 | 0.07 | 0.03 | 1.50 | 42.00
2.00 | 2.00 | 100.00 | 0.04 | 0.00 | 0.30 | 0.07 | 6.56 | 0.28 | 0.06 | 1.50 | 30.20
3.00 | 3.00 | 100.00 | 0.03 | 0.00 | 0.25 | 0.05 | 5.70 | 0.24 | 0.05 | 1.50 | 35.80
4.00 | 4.00 | 100.00 | 0.03 | 0.00 | 0.26 | 0.04 | 5.69 | 0.26 | 0.04 | 1.50 | 28.60
5.00 | 5.00 | 100.00 | 0.03 | 0.00 | 0.33 | 0.07 | 5.40 | 0.31 | 0.06 | 0.44 | 26.00
6.00 | 6.00 | 100.00 | 0.02 | 0.00 | 0.25 | 0.05 | 7.30 | 0.24 | 0.05 | 0.40 | 34.80
7.00 | 7.00 | 100.00 | 0.03 | 0.00 | 0.30 | 0.05 | 5.66 | 0.29 | 0.05 | 1.50 | 26.40
8.00 | 8.00 | 100.00 | 0.03 | 0.00 | 0.29 | 0.06 | 6.70 | 0.28 | 0.05 | 0.41 | 24.30
9.00 | 9.00 | 100.00 | 0.03 | 0.00 | 0.21 | 0.06 | 4.79 | 0.21 | 0.05 | 1.96 | 34.50
10.00 | 10.00 | 100.00 | 0.02 | 0.00 | 0.17 | 0.05 | 9.37 | 0.12 | 0.05 | 1.50 | 31.00
11.00 | 11.00 | 100.00 | 0.01 | 0.00 | 0.13 | 0.02 | 4.10 | 0.12 | 0.02 | 1.50 | 28.20
12.00 | 12.00 | 100.00 | 0.02 | 0.00 | 0.10 | 0.03 | 7.40 | 0.10 | 0.03 | 1.50 | 92.30
13.00 | 13.00 | 200.00 | 0.00 | 0.00 | 0.01 | 0.00 | 5.90 | 0.01 | 0.00 | 1.50 | 496.00
14.00 | 14.00 | 100.00 | 0.00 | 0.00 | 0.02 | 0.00 | 4.10 | 0.02 | 0.00 | 1.50 | 300.00
15.00 | 15.00 | 100.00 | 0.00 | 0.00 | 0.02 | 0.00 | 4.10 | 0.02 | 0.00 | 1.50 | 300.00
16.00 | 16.00 | 200.00 | 0.00 | 0.00 | 0.02 | 0.00 | 7.80 | 0.02 | 0.00 | 1.50 | 450.00
Table C.4: 16 machine system: Excitation system data

Bus no. | Type Ky Tx Tc Ts | K | Ty | Krp | TF

1 DC | 40.00 | 0.02 | 0.00 | 0.00 | 1.00 | 0.79 | 0.03 | 1.00

2 DC | 40.00 | 0.02 | 0.00 | 0.00 | 1.00 | 0.79 | 0.03 | 1.00

3 DC | 40.00 | 0.02 | 0.00 | 0.00 | 1.00 | 0.79 | 0.03 | 1.00

4 DC | 40.00 | 0.02 | 0.00 | 0.00 | 1.00 | 0.79 | 0.03 | 1.00

5) DC | 40.00 | 0.02 | 0.00 | 0.00 | 1.00 | 0.79 | 0.03 | 1.00

6 DC | 40.00 | 0.02 | 0.00 | 0.00 | 1.00 | 0.79 | 0.03 | 1.00

7 DC | 40.00 | 0.02 | 0.00 | 0.00 | 1.00 | 0.79 | 0.03 | 1.00

8 DC | 40.00 | 0.02 | 0.00 | 0.00 | 1.00 | 0.79 | 0.03 | 1.00

9 ST | 200.00 | 0.02 | 0.00 | 0.00 | 0.00 | 0.00 | 0.00 | 0.00
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Appendix D

Wind turbine generator data

D.0.2 Detailed WTG data

The data is adopted from [85].

Lm Rs Rr Lss Lrr Kopt k c Ht Hg
4 0.005 0.0055 4.04 4.0602 1 0.3 0.01 4 0.4
where

Lm mutual inductance

Rs stator resistance

Rr rotor resistance

Lss stator inductance

Lrr rotor inductance

K drive train shaft stiffness

c drive train damping coefficient

Ht turbine inertia

Hg generator inertia

Cp curve parameters cl to c10 = {0.5 116 0.4 0 0 5 21 0.08 0.035 0}

D.0.3 Generic Type-3 WTG data

The data is adopted from [86].

Generator converter parameters:

Lpp = 0.8; Lvplsw = 1; Rrpwr = b; Brkpt = 0.9;
Zerox = 0.5;

Coverter control parameters

tr = 0.05; fn = 1; kiv = 5; kpv = 18;
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40;
0.9;
tpc = 0.05;

kqv =

Vmin =

Kic = 30.0;

tv =0.05; tc = 0.15; kgqi = 0.1;
Qmax = 0.436; Qmin = -0.436; Vmax = 1.1;
tsp = 5; kptrq = 3; kitrq = 0.6;
Ipmax = 1.1; =xigmax = 1.45; xigmin = 0.5;
pmax = 1.12; pmin = 0.04; prat = 0.45;
Turbine model

D =0; H=4.94; Kaero = 0.007;

Pitch control model

Kpp = 150; Kip = 25; Kpc = 3.0;
Tpi = 0.3; PImax = 27.0; PImin = 0.0;

D.0.4 Generic Type-4 WTG data

The data is adopted from [86].

Generator converter parameters
Lvplsw = 1; Rrpwr = b;

Coverter control parameters

0.1;
Qmax = 0.4;
kiv = 5;
Ighl = 1.25;

kqi =

Turbine model
tpw = 0.05;
kf = 0;

kvi = 120;
Qmin = -0.4;
kpv = 18;
tv = 0.05;
kpp = 0.08;
dpmax = 0.1;

pirat = 10;

Zerox = 0.0;

0.9;
0.15;
Iphl = 1.11;

Vmin =

tc =

tf = 0.08;

Brkpt = 0.7;
Vmax = 1.1;
tr = 0.05;

fn = 1;

kip = 0.1;
dpmin = -0.1;
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Appendix E

GB system data 2010

All the data is specified in system base MVA = 100 MVA, except WTG data which is
in machine base. The WTG data is given in Appendix D. The network structure and
generation profile are obtained from the University of Strathclyde, [100, 101]. The

bus, line, and dynamic parameters are developed as part of this work.

Table E.1: GB system 2010: Bus data

Busno | V, 0, P, Qg Pr Qr G B
1 1.01 | 45.8[W] | 3.95 | 0.44 | 0.00 | 0.00 | 0.00 | 0.00
2 1.01 | 45.8[H] | 4.55 | 0.51 0.00 | 0.00 | 0.00 | 0.00
3 1.01 | 44.7]W] | 0.29 | 0.05 | 0.00 | 0.00 | 0.00 | 0.00
4 1.01 44.7 12.29 | 2.20 | 0.00 | 0.00 | 0.00 | 0.00
5 1.01 | 37.4[W] | 321 | 0.79 | 0.00 | 0.00 | 0.00 | 0.00
6 1.01 | 37.4[H] | 454 | 1.11 0.00 | 0.00 | 0.00 | 0.00
7 1.01 | 31.0[W] | 0.20 | 0.03 | 0.00 | 0.00 | 0.00 | 0.00
8 1.01 31.0 20.34 | 3.34 | 0.00 | 0.00 |0.00| 0.00
9 1.01 | 31.0[H] | 2.72 | 0.45 | 0.00 | 0.00 | 0.00 | 0.00
10 1.01 27.4 878 | 1.32 | 0.00 | 0.00 | 0.00 | 0.00
11 1.01 | 24.2[W] | 8.01 | 1.18 | 0.00 | 0.00 | 0.00 | 0.00
12 1.01 | 24.2[H] | 0.66 | 0.10 | 0.00 | 0.00 | 0.00 | 0.00
13 1.01 | 28.4[W] | 1.81 | 0.12 | 0.00 | 0.00 | 0.00 | 0.00
14 1.01 28.4 1856 | 1.22 | 0.00 | 0.00 | 0.00 | 0.00
15 1.03 19.8 28.02 | 4.10 | 0.00 | 0.00 | 0.00| 0.00
16 1.03 | 13.5[W] | 1.04 | 0.12 | 0.00 | 0.00 | 0.00 | 0.00
17 1.03 13.5 44.49 | 5.26 | 0.00 | 0.00 | 0.00| 0.00
18 1.03 12.1 24.60 | 2.48 | 0.00 | 0.00 |0.00| 0.00
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19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
20
o1
D2
23
o4

1.03
1.01
1.01
1.02
1.03
1.03
1.02
1.03
1.02
1.03
1.01
1.01
1.01
1.01
1.01
1.03
1.00
1.00
0.99
1.00
1.00
1.00
1.01
1.00
1.01
1.02
1.02
1.02
1.02
1.00
1.01
1.01
1.02
1.03
1.01
1.01

12.1[H]
16.4
15.4
7.5
6.6
7.4
44
44
3.3
2.4
-0.3
4.0
0.0

2.4 [W]
0.0
-0.9
412
40.2
32.8
26.5
22 8
19.6
23.9
23.8
15.7
15.4
9.1
7.7
6.1
10.0
11.8
10.9
3.1
2.3
3.0
0.0

8.77
62.40
97.85
16.00
17.50
26.01
12.48

5.32

3.21
61.49
16.98
44.07

4.00

1.73
12.22
17.33

0.00

0.00

0.00

0.00

0.00

0.00

0.00

0.00

0.00

0.00

0.00

0.00

0.00

0.00

0.00

0.00

0.00

0.00

0.00

0.00

0.89
3.19
6.86
-0.36
0.84
6.93
2.32
1.49
0.43
14.27
2.08
0.47
-0.05
0.04
0.30
1.42
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00

173

0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
4.91
5.39
2.83
13.73
5.27
12.35
7.82
1.23
1.36
26.89
35.28
12.48
26.50
19.23
27.65
16.87
11.35
56.30
21.20
10.79

0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
1.02
1.13
1.05
3.17
1.28
3.15
1.71
0.37
0.53
4.65
7.60
3.38
7.66
5.67
6.95
6.55
3.71
19.35
6.48
3.06

0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00

0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.27
0.05
0.00
0.00
0.00
0.00
0.09
0.00
2.33
5.64
7.25
-0.52
5.97
-2.37
4.50
0.13
5.15
37.55
2.92
2.87




55 1.01 0.0 0.00 | 0.00 7.37 | 2.02 1 0.00| 5.44
56 1.01 -1.1 0.00 | 0.00 | 19.11 | 6.65 | 0.00 | 19.62
57 1.01 -2.0 0.00 | 0.00 | 49.71 | 13.37 | 0.00 | 2.04
58 1.01 -2.8 0.00 | 0.00 | 14.89 | 5.28 | 0.00 | 4.87
59 0.99 -4.9 0.00 | 0.00 | 102.21 | 29.02 | 0.00 | 8.16
60 1.00 -0.6 0.00 | 0.00 | 14.95 | 4.34 | 0.00 | 1.72
61 1.01 -2.1 0.00 | 0.00 | 4.80 1.38 [ 0.00 | 1.10
62 1.01 -4.5 0.00 | 0.00 | 28.89 | 841 | 0.00| 8.04
63 1.03 -5.3 0.00 | 0.00 | 27.06 | 3.56 | 0.00 | 8.35
Table E.2: GB system 2010: Line data

From bus | To bus | Resistance | Reactance | Line charging

1 35 0.0000 0.0203 0.0000

2 35 0.0000 0.0176 0.0000

3 36 0.0000 0.2745 0.0000

4 36 0.0000 0.0065 0.0000

5 37 0.0000 0.0249 0.0000

6 37 0.0000 0.0176 0.0000

7 38 0.0000 0.3968 0.0000

8 38 0.0000 0.0039 0.0000

9 38 0.0000 0.0294 0.0000

10 39 0.0000 0.0091 0.0000

11 40 0.0000 0.0100 0.0000

12 40 0.0000 0.1214 0.0000

13 41 0.0000 0.0441 0.0000

14 41 0.0000 0.0043 0.0000

15 44 0.0000 0.0029 0.0000

16 45 0.0000 0.0767 0.0000

17 45 0.0000 0.0018 0.0000

18 46 0.0000 0.0033 0.0000

19 46 0.0000 0.0091 0.0000

20 49 0.0000 0.0013 0.0000

21 50 0.0000 0.0008 0.0000

22 51 0.0000 0.0050 0.0000
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23
24
25
26
27
28
29
30
31
32
33
34
35
35
35
35
36
36
38
38
38
38
38
38
39
39
40
40
41
41
41
41
42
42
43
43

02
23
o4
25
o6
57
29
60
61
61
62
63
36
37
36
37
38
38
41
40
40
39
39
41
40
40
43
43
42
42
40
40
44
44
45
45

0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0122
0.0070
0.0122
0.0070
0.0004
0.0004
0.0021
0.0013
0.0013
0.0010
0.0010
0.0021
0.0009
0.0015
0.0008
0.0008
0.0004
0.0004
0.0030
0.0030
0.0008
0.0008
0.0016
0.0016
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0.0046
0.0031
0.0064
0.0150
0.0249
0.0013
0.0047
0.0018
0.0092
0.0463
0.0065
0.0046
0.0200
0.1500
0.0200
0.1500
0.0650
0.0650
0.0135
0.0230
0.0230
0.0240
0.0240
0.0135
0.0105
0.0161
0.0085
0.0085
0.0001
0.0001
0.2000
0.2000
0.0175
0.0175
0.0163
0.0163

0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0856
0.0520
0.2844
0.0520
0.4454
0.5545
0.1174
0.1496
0.1758
0.1250
0.1250
0.1538
0.3825
0.5930
0.0737
0.4635
0.7280
1.2872
0.2939
0.2939
0.6624
0.6624
0.4868
0.4868




43
43
44
44
45
45
45
45
45
45
46
46
46
46
47
47
47
47
47
47
48
48
49
49
49
49
20
20
ol
o1
ol
ol
D2
D2
o2
D2

44
44
49
49
49
49
47
47
46
46
47
o2
02
47
52
D2
49
49
48
48
20
20
20
20
48
48
23
23
20
20
o6
o6
o1
o1
57
27

0.0035
0.0049
0.0005
0.0005
0.0007
0.0010
0.0004
0.0004
0.0001
0.0001
0.0010
0.0007
0.0010
0.0010
0.0005
0.0008
0.0014
0.0016
0.0011
0.0008
0.0005
0.0050
0.0003
0.0002
0.0002
0.0002
0.0006
0.0006
0.0010
0.0010
0.0007
0.0007
0.0004
0.0004
0.0014
0.0012

176

0.0245
0.0343
0.0084
0.0063
0.0420
0.0420
0.0052
0.0052
0.0085
0.0085
0.0108
0.0090
0.0090
0.0108
0.0070
0.0070
0.0230
0.0230
0.0116
0.0120
0.0160
0.0180
0.0052
0.0017
0.0022
0.0022
0.0141
0.0141
0.0107
0.0107
0.0097
0.0097
0.0018
0.0018
0.0096
0.0096

0.1898
0.2502
5.3730
1.0636
0.3907
0.5738
0.2498
0.2664
0.0798
0.0798
0.3850
0.2911
0.3835
0.3850
0.1943
0.7759
0.6643
0.1104
1.1745
1.2125
0.2795
0.1466
0.3534
0.3992
0.7592
0.5573
0.4496
0.4496
0.2651
0.4573
0.4566
0.4574
0.2349
0.2349
0.4829
0.4122




o4
o4
o4
o4
95
95
25
95
95
25
25
95
26
26
o6
26
26
o6
57
27
57
57
27
27
o8
o8
o8
o8
29
29
61
61
62
62
63
63

60
60
23
23
20
20
29
29
o4
o4
23
23
20
20
29
29
25
95
63
o8
o8
o6
26
63
62
29
29
62
60
60
60
60
61
61
62
62

0.0004
0.0004
0.0018
0.0013
0.0015
0.0015
0.0003
0.0003
0.0012
0.0012
0.0004
0.0004
0.0018
0.0018
0.0004
0.0003
0.0002
0.0005
0.0015
0.0009
0.0002
0.0006
0.0004
0.0015
0.0007
0.0010
0.0010
0.0007
0.0002
0.0002
0.0002
0.0002
0.0004
0.0004
0.0005
0.0005
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0.0023
0.0023
0.0213
0.0143
0.0182
0.0182
0.0100
0.0100
0.0048
0.0048
0.0059
0.0059
0.0172
0.0172
0.0041
0.0041
0.0011
0.0061
0.0182
0.0008
0.0007
0.0030
0.0030
0.0182
0.0070
0.0091
0.0091
0.0070
0.0057
0.0057
0.0050
0.0050
0.0071
0.0071
0.0080
0.0080

0.2249
0.2249
0.6682
0.3656
0.9169
0.9169
0.1586
0.1586
0.4446
0.7000
0.2940
0.2955
0.8403
0.6270
0.4098
0.4290
0.1232
0.3041
0.5300
0.9622
2.8447
0.3468
0.2466
0.5300
0.2388
0.2918
0.2918
0.2388
0.5320
0.5320
0.1797
0.1797
0.2998
0.2998
0.3400
0.3400




37
37
37

38
38
36

0.0030
0.0030
0.0300

0.0410
0.0410
0.0770

0.0044
0.0440
0.0124

Table E.3: GB system 2010: Synchronous machine parameters

i

/

/

Mac|Bus| Base X |Ry| w4 Ty Tyl x4 r, |T,o| H
No. |No.| MVA
2 | 2 | 568.3 10.00264|0.0]{0.1584(0.0616| 5 [0.1056]0.1056| 1 | 17.1
4 | 4 | 1536 ]0.00098(0.0{0.1172]0.0195| 8 10.1107(0.0358|0.4| 147.5
6 | 6 |568.12|0.00264|0.0]0.158410.0616| 5 0.1056|0.1056| 1 | 17.0
8 | 8 | 2543 |0.00059/0.010.0708(0.0118| 8 |0.0669|0.0216|0.4| 254.3
919 340 10.00441(0.0/0.2647|0.1029| 5 0.1765|0.1764| 1 | 10.2
10 | 10 | 1097.2 {0.00137(0.0|0.1640]0.0273| 8 [0.1549|0.0501|0.4| 105.3
12 ] 12 | 82.4 |0.01820(0.0/1.0922]0.4248| 5 [0.7282]0.7281| 1 | 2.5
14 | 14 | 2320 [0.00065(0.0]0.0776]0.0129| 8 10.0733(0.0237|0.4| 232
15 | 15 | 3503 [0.00043(0.0]0.0514]0.0086| 8 [0.0485(0.0157|0.4| 350.3
17 | 17 | 5561 [0.00027(0.0]0.0323]0.0054| 8 [0.0306|0.0099|0.4| 533.9
18 | 18 | 3075 [0.00049(0.0]0.0585]0.0098| 8 10.0553(0.0179|0.4| 258.3
19 | 19 | 1096 [0.00137(0.0]0.082110.0319| 5 [0.0547|0.0547| 1 | 32.9
20 | 20 | 7800 {0.00019{0.0|0.0230]0.0038| 8 {0.0218]0.0070(0.4| 748.8
21 | 21 | 12231 |0.00012{0.0]0.0147]0.0025| 8 |{0.0139/0.0045|0.4|1223.1
22 | 22 | 2000 {0.00075{0.0| 0.09 0.0150| 8 {0.0850]0.0275(0.4| 168
23 | 23 | 2188 |0.00068|0.0|0.0822]0.0137| 8 {0.0777]0.0251|0.4| 183.8
24 | 24 | 3251.8 10.00046{0.0]0.0553]0.0092| 8 {0.0523|0.0169|0.4| 273.2
25 | 25| 1560 |0.00096{0.0]0.1154]0.0192| 8 {0.1090|0.0352]0.4| 112.3
26 | 26 | 665 [0.00225]0.0/0.2706|0.0451| 8 |0.2556]0.0827|0.4| 47.9
27 | 27 | 401.1 |0.00374{0.0]0.4487]0.0748| 8 0.4238/0.1371]0.4| 28.9
28 | 28 |7686.01{0.00019{0.0|0.0234]0.0039| 8 {0.0221]0.0071|0.4| 768.6
29 | 29| 2123 |0.00071{0.0]0.0848]0.0141| 8 |{0.080110.0259]0.4| 178.3
30 | 30 | 5509 {0.00027{0.0|0.0326]0.0054| 8 {0.0309]0.0099(0.4| 550.9
31 | 31 | 1082 {0.00138]0.0/0.1663|0.0277| 8 [0.1571]0.0508|0.4| 77.9
33 | 33 | 1528 {0.00098(0.0|0.1178]0.0196| 8 {0.1113]0.0359(0.4| 110.0
34 | 34 | 2166 |0.00069|0.0|0.0831]0.0139| 8 {0.0785]0.0254|0.4| 216.6
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Table E.4: GB system 2010: Excitation system data

Busno. | Type | Ko | Ta |Tc |15 | Kg | Tk Krp | Tr
2 ST [12010.02| 0 | O 1 10.785]0.03| 1
4 ST [12010.02| 0 | O 1 10.785]0.03| 1
6 ST |12010.02] 0 | O 1 10785003 1
8 ST |12010.02] 0 | O 1 10785003 1
9 ST |12010.02] 0 | O 1 10.785]0.03| 1
10 ST |12010.02] 0 | O 1 10785003 1
12 ST [12010.021 0 | O 1 10785003 1
14 ST [12010.02| 0 | O 1 10.785]0.03| 1
15 ST 1201002 0 | O 1 10.785]0.03| 1
17 ST | 1201002 0 | O 1 10785003 1
18 ST |12010.02] 0 | O 1 10.785]0.03| 1
19 ST |12010.02] 0 | O 1 10.785]0.03| 1
20 ST |12010.02] 0 | O 1 10785003 1
21 ST [12010.02| 0 | O 1 10785003 1
22 ST [12010.02| 0 | O 1 10.785]0.03| 1
23 ST | 1201002 0 | O 1 10785003 1
24 ST [12010.021 0 | O 1 10785003 1
25 ST |12010.02] 0 | O 1 10.785]0.03| 1
26 ST | 1201002 0 | O 1 10785003 1
27 ST | 1201002 0 | O 1 10785003 1
28 ST |12010.02] 0 | O 1 10.785]0.03| 1
29 ST |12010.02] 0 | O 1 10.785]0.03| 1
30 ST | 1201002 0 | O 1 10785003 1
31 ST |12010.02] 0 | O 1 10.785]0.03| 1
33 ST |12010.02] 0 | O 1 10.785]0.03| 1
34 ST | 1201002 0 | O 1 10785 (0.03] 1
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Appendix F

GB system data 2020

All the data is specified in system base MVA = 100 MVA, except WTG data which is
in machine base. The WTG data is given in Appendix D. The network structure and
generation profile are obtained from the University of Strathclyde, [100, 101]. The

bus, line, and dynamic parameters are developed as part of this work.

Table F.1: GB system 2020: Bus data

Busno | V, 0, P, Qg P Qr | G B
1 1.01 1 36.99 | 3.95 | -0.55 | 0.00 | 0.00 | 0 | 0.00
2 1.01 | 39.63 | 4.55 | 0.00 | 0.00 | 0.00 | 0 | 0.00
3 1.02 | 5.04 | 0.29 | 0.00 | 0.00 | 0.00 | 0 | 0.00
4 1.04 1 39.86 | 12.29 | 3.68 | 0.00 | 0.00 | 0 | 0.00
5 1.00 | 28.93 | 3.21 | -0.27 | 0.00 | 0.00 | 0 | 0.00
6 1.02 | 31.57 | 4.54 | 1.31 0.00 | 0.00 | O | 0.00
7 1.02 1 22.92 | 0.20 | 0.02 | 0.00 | 0.00 | 0 | 0.00
8 1.03 | 27.27 | 20.34 | 4.62 | 0.00 | 0.00 | 0 | 0.00
9 1.03 | 25.49 | 2.72 | 0.85 | 0.00 | 0.00 | 0 | 0.00
10 1.02 | 23.86 | 8.78 | 1.03 | 0.00 | 0.00 | 0 | 0.00
11 1.02 | 16.38 | 8.01 | 2.24 | 0.00 | 0.00 | 0 | 0.00
12 1.01 | 19.02 | 0.66 | -0.04 | 0.00 | 0.00 | 0 | 0.00
13 1.01 | 20.63 | 1.81 | -0.32 | 0.00 | 0.00 | 0 | 0.00
14 1.01 | 25.08 | 18.56 | 0.40 | 0.00 | 0.00 | 0 | 0.00
15 1.03 | 16.86 | 28.02 | 3.65 | 0.00 | 0.00 | 0 | 0.00
16 1.02 | 6.37 | 1.04 | -0.33 | 0.00 | 0.00 | 0 | 0.00
17 1.03 | 10.72 | 44.49 | 5.14 | 0.00 | 0.00 | 0 | 0.00
18 1.03 | 9.39 | 24.60 | 2.50 | 0.00 | 0.00 | 0 | 0.00
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19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
20
o1
D2
23
o4

1.03
1.01
1.01
1.02
1.03
1.03
1.02
1.03
1.02
1.03
1.01
1.01
1.01
1.01
1.01
1.03
1.01
1.02
1.00
1.01
1.01
1.01
1.01
1.01
1.02
1.02
1.02
1.02
1.02
1.00
1.01
1.01
1.02
1.03
1.01
1.01

7.61
13.66
12.87

4.92

4.01

5.08

2.41

2.11

1.04

0.10
-2.53

2.14

0.00
-3.19
-1.78
-2.96
36.35
34.94
28.27
22.28
18.82
15.75
19.99
19.91
12.03
11.91

5.74
4.41

2.82

6.74

8.5

7.74
-0.07
-0.91

0.08
-2.66

8.77
62.40
97.85
16.00
17.50
26.01
12.48

5.32

3.21
61.49
16.98
44.07
12.41

1.73
12.22
17.33

0.00

0.00

0.00

0.00

0.00

0.00

0.00

0.00

0.00

0.00

0.00

0.00

0.00

0.00

0.00

0.00

0.00

0.00

0.00

0.00

1.03
3.73
7.72
-0.05
1.04
6.88
2.37
1.47
0.47
14.40
5.01
5.92
0.40
-0.01
0.55
1.66
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
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0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
4.99
5.46
5.91
13.93
2.35
12.53
7.94
1.25
1.38
27.28
35.79
12.67
26.89
19.51
28.05
17.12
11.52
57.12
21.51
10.94

0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
1.02
1.13
1.05
3.17
1.28
3.15
1.71
0.37
0.53
4.65
7.60
3.38
7.66
2.67
6.95
6.55
3.71
19.35
6.48
3.06

S O O O O O O O O O O O OO O OO o0 o0 o0 o0 o0 o o0 o0 o0 o0 o0 o0 oo o oo o~o

0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.27
0.05
0.00
0.00
0.00
0.00
0.09
0.00
2.33
5.64
7.25
-0.52
5.97
-2.37
4.50
0.13
5.15
37.55
2.92
2.87




55 1.01 | -2.90 | 0.00 | 0.00 7.48 2.02 | 0| 5.44
56 1.01 | -4.02 | 0.00 | 0.00 | 19.39 | 6.65 | 0 | 19.62
57 1.01 | -4.89 | 0.00 | 0.00 | 50.43 | 13.37| 0 | 2.04
58 1.01 | -5.59 | 0.00 | 0.00 | 15.11 | 5.28 | 0 | 4.87
59 0.99 | -7.75 | 0.00 | 0.00 | 103.70 | 29.02 | 0 | 8.16
60 1.00 | -3.01 | 0.00 | 0.00 | 15.17 | 4.34 | 0 | 1.72
61 1.01 | -3.84 | 0.00 | 0.00 | 4.87 1.38 | 0 | 1.10
62 1.01 | -6.88 | 0.00 | 0.00 | 29.31 | 841 | 0 | 8.04
63 1.03 | -7.89 | 0.00 | 0.00 | 27.45 | 3.56 | 0 | 8.35
Table F.2: GB system 2020: Line data
From bus | To bus | Resistance | Reactance | Line charging
1 35 0.00000 0.00289 0.00000
2 35 0.00000 0.01286 0.00000
3 46 0.00000 0.03921 0.00000
4 36 0.00000 0.00739 0.00000
5 37 0.00000 0.00356 0.00000
6 37 0.00000 0.01287 0.00000
7 38 0.00000 0.05669 0.00000
8 38 0.00000 0.00446 0.00000
9 38 0.00000 0.02150 0.00000
10 39 0.00000 0.01035 0.00000
11 40 0.00000 0.00143 0.00000
12 40 0.00000 0.08871 0.00000
13 41 0.00000 0.00630 0.00000
14 41 0.00000 0.00489 0.00000
15 44 0.00000 0.00324 0.00000
16 45 0.00000 0.01096 0.00000
17 45 0.00000 0.00204 0.00000
18 46 0.00000 0.00369 0.00000
19 46 0.00000 0.00667 0.00000
20 49 0.00000 0.00146 0.00000
21 50 0.00000 0.00093 0.00000
22 51 0.00000 0.00568 0.00000

182




23
24
25
26
27
28
29
30
31
32
33
34
35
35
35
35
36
36
38
38
38
38
38
38
39
39
40
40
41
41
41
41
42
42
43
43

02
23
o4
25
o6
57
29
60
61
61
62
63
36
37
36
37
38
38
41
40
40
39
39
41
40
40
43
43
42
42
40
40
44
44
45
45

0.00000
0.00000
0.00000
0.00000
0.00000
0.00000
0.00000
0.00000
0.00000
0.00000
0.00000
0.00000
0.01220
0.00700
0.01220
0.00700
0.00040
0.00040
0.00211
0.00130
0.00130
0.00100
0.00100
0.00210
0.00085
0.00151
0.00078
0.00078
0.00040
0.00040
0.00300
0.00300
0.00083
0.00083
0.00164
0.00164
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0.00519
0.00349
0.00728
0.01707
0.02830
0.00148
0.00535
0.00206
0.00545
0.00661
0.00743
0.00524
0.02000
0.15000
0.02000
0.15000
0.06500
0.06500
0.01350
0.02300
0.02300
0.02400
0.02400
0.01350
0.01051
0.01613
0.00852
0.00852
0.00010
0.00010
0.20000
0.20000
0.01750
0.01750
0.01630
0.01630

0.00000
0.00000
0.00000
0.00000
0.00000
0.00000
0.00000
0.00000
0.00000
0.00000
0.00000
0.00000
0.08560
0.05200
0.28440
0.05200
0.44540
0.55450
0.11740
0.14960
0.17580
0.12500
0.12500
0.15380
0.38254
0.59296
0.07370
0.46350
0.72800
1.28720
0.29390
0.29390
0.66240
0.66240
0.48680
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o6
o1
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27
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0.00492
0.00053
0.00052
0.00070
0.00099
0.00040
0.00040
0.00010
0.00010
0.00096
0.00074
0.00097
0.00096
0.00049
0.00084
0.00137
0.00164
0.00107
0.00082
0.00050
0.00500
0.00033
0.00016
0.00019
0.00018
0.00056
0.00056
0.00100
0.00100
0.00068
0.00069
0.00042
0.00042
0.00138
0.00117
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0.02453
0.03430
0.00835
0.00630
0.04200
0.04200
0.00520
0.00520
0.00850
0.00850
0.01078
0.00900
0.00900
0.01078
0.00700
0.00700
0.02300
0.02300
0.01163
0.01201
0.01600
0.01800
0.00520
0.00172
0.00222
0.00222
0.01410
0.01410
0.01072
0.01072
0.00970
0.00970
0.00180
0.00180
0.00960
0.00960

0.18980
0.25020
5.37300
1.06360
0.39070
0.57380
0.24980
0.26640
0.07980
0.07980
0.38500
0.29110
0.38350
0.38500
0.19430
0.77590
0.66430
0.11040
1.17450
1.21250
0.27950
0.14660
0.35340
0.39920
0.75920
0.55730
0.44960
0.44960
0.26510
0.45730
0.45660
0.45740
0.23490
0.23490
0.48290
0.41220
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0.00035
0.00035
0.00178
0.00132
0.00145
0.00145
0.00025
0.00025
0.00120
0.00120
0.00037
0.00037
0.00178
0.00178
0.00037
0.00034
0.00019
0.00048
0.00151
0.00086
0.00023
0.00055
0.00039
0.00151
0.00068
0.00104
0.00104
0.00068
0.00020
0.00020
0.00020
0.00020
0.00038
0.00038
0.00051
0.00051
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0.00230
0.00230
0.02130
0.01430
0.01824
0.01824
0.01000
0.01000
0.00480
0.00480
0.00590
0.00590
0.01720
0.01720
0.00410
0.00410
0.00111
0.00610
0.01820
0.00080
0.00070
0.00300
0.00300
0.01820
0.00700
0.00910
0.00910
0.00700
0.00570
0.00570
0.00503
0.00503
0.00711
0.00711
0.00796
0.00796

0.22490
0.22490
0.66820
0.36560
0.91690
0.91690
0.15860
0.15860
0.44460
0.70000
0.29400
0.29550
0.84030
0.62700
0.40980
0.42900
0.12320
0.30410
0.53000
0.96220
2.84470
0.34680
0.24660
0.53000
0.23880
0.29180
0.29180
0.23880
0.53200
0.53200
0.17970
0.17970
0.29980
0.29980
0.34000
0.34000




37
37
37

38
38
36

0.00300
0.00300
0.03004

0.04100
0.04100
0.07700

0.00440
0.04400
0.01240

Table F.3: GB system 2020: Synchronous machine parameters

Bus

Base

MVA

X

R,

Zq

’

Ty

/

TdO

Lq

Xz

/

q

/

qu

H

777.4344
1353.2160
T77.1882
2240.3830
465.1200
966.6332
112.7232
2043.9200
3086.1430
4899.2410
2709.0750
1499.3280
6871.8000
10775.5110
1762.0000
1927.6280
2864.8358
1374.3600
585.8650
353.3691
6771.3748
1870.3630
4853.4290
1834.2420
1346.1680
1908.2460

0.0019
0.0011
0.0019
0.0007
0.0032
0.0016
0.0133
0.0007
0.0005
0.0003
0.0006
0.0010
0.0002
0.0001
0.0009
0.0008
0.0005
0.0011
0.0026
0.0042
0.0002
0.0008
0.0003
0.0008
0.0011
0.0008

0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0

0.1158
0.1330
0.1158
0.0803
0.1935
0.1862
0.7984
0.0831
0.0583
0.0367
0.0664
0.0600
0.0262
0.0167
0.1022
0.0934
0.0628
0.1310
0.3072
0.5094
0.0266
0.0962
0.0371
0.0981
0.1337
0.0943

0.0450
0.0222
0.0450
0.0134
0.0752
0.0310
0.3105
0.0147
0.0097
0.0061
0.0111
0.0233
0.0044
0.0028
0.0170
0.0156
0.0105
0.0218
0.0512
0.0849
0.0044
0.0160
0.0062
0.0164
0.0223
0.0157

2.0
8.0
2.0
8.0
5.0
8.0
2.0
8.0
8.0
8.0
8.0
5.0
8.0
8.0
8.0
8.0
8.0
8.0
8.0
8.0
8.0
8.0
8.0
8.0
8.0
8.0

0.0772
0.1256
0.0772
0.0759
0.1290
0.1759
0.5323
0.0832
0.0551
0.0347
0.0628
0.0400
0.0247
0.0158
0.0965
0.0882
0.0593
0.1237
0.2902
0.4811
0.0251
0.0909
0.0350
0.0927
0.1263
0.0891

0.0772
0.0406
0.0772
0.0245
0.1290
0.0569
0.5323
0.0269
0.0178
0.0112
0.0203
0.0400
0.0080
0.0051
0.0312
0.0285
0.0192
0.0400
0.0939
0.1556
0.0081
0.0294
0.0113
0.0300
0.0409
0.0288

1.0
0.4
1.0
0.4
1.0
0.4
1.0
0.4
0.4
0.4
0.4
1.0
0.4
0.4
0.4
0.4
0.4
0.4
0.4
0.4
0.4
0.4
0.4
0.4
0.4
0.4

23.3230
129.9087
23.3156
224.0383
13.9536
92.7968
3.3817
204.3920
308.6143
470.3271
227.5623
44.9798
659.6928
1077.5511
126.8640
138.7892
240.6462
98.9539
42.1823
25.4426
677.1375
134.6661
485.3429
132.0654
96.9241
183.1916
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Table F.4: GB system 2020: Excitation system data

Busno. | Type | Ko | Ta |1c |15 | Kg Tr Kr | TF
2 ST |12010.02] 0 | 0 | 1.00 | 0.7850 | 0.03 | 1.00
4 ST |12010.02] 0 | 0 | 1.00 | 0.7850 | 0.03 | 1.00
6 ST |12010.02] 0 | 0 | 1.00 | 0.7850 | 0.03 | 1.00
8 ST |12010.02] 0 | 0 | 1.00 | 0.7850 | 0.03 | 1.00
9 ST |12010.02] 0 | 0 | 1.00 | 0.7850 | 0.03 | 1.00
10 ST |12010.02] 0 | 0 | 1.00 | 0.7850 | 0.03 | 1.00
12 ST |12010.02] 0 | 0 | 1.00 | 0.7850 | 0.03 | 1.00
14 ST | 12010.02] 0 | 0 | 1.00 | 0.7850 | 0.03 | 1.00
15 ST | 12010.02] 0 | 0 | 1.00 | 0.7850 | 0.03 | 1.00
17 ST |12010.02] 0 | 0 | 1.00 | 0.7850 | 0.03 | 1.00
18 ST |12010.02] 0 | 0 | 1.00 | 0.7850 | 0.03 | 1.00
19 ST |12010.02] 0 | 0 | 1.00 | 0.7850 | 0.03 | 1.00
20 ST |12010.02| 0 | 0 | 1.00 | 0.7850 | 0.03 | 1.00
21 ST |12010.02| 0 | 0 | 1.00 | 0.7850 | 0.03 | 1.00
22 ST | 12010.02] 0 | 0 | 1.00 | 0.7850 | 0.03 | 1.00
23 ST |12010.02] 0 | 0 | 1.00 | 0.7850 | 0.03 | 1.00
24 ST |12010.02] 0 | 0 | 1.00 | 0.7850 | 0.03 | 1.00
25 ST | 12010.02] 0 | 0 | 1.00 | 0.7850 | 0.03 | 1.00
26 ST |12010.02] 0 | 0 | 1.00 | 0.7850 | 0.03 | 1.00
27 ST |12010.02] 0 | 0 | 1.00 | 0.7850 | 0.03 | 1.00
28 ST |12010.02] 0 | 0 | 1.00 | 0.7850 | 0.03 | 1.00
29 ST |12010.02] 0 | 0 | 1.00 | 0.7850 | 0.03 | 1.00
30 ST |12010.02] 0 | 0 | 1.00 | 0.7850 | 0.03 | 1.00
31 ST | 12010.02] 0 | 0 | 1.00 | 0.7850 | 0.03 | 1.00
33 ST | 12010.02] 0 | 0 | 1.00 | 0.7850 | 0.03 | 1.00
34 ST |12010.02] 0 | 0 | 1.00 | 0.7850 | 0.03 | 1.00
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Appendix G

GB system operating conditions

The details of 10 operating conditions of representative GB system is given below. The
output of generators are changed to make these operating conditions as discussed in
5.6. Table G.1 show the output of individual generators for the operating conditions.
The reactive power output of generators and voltage profile of the network are shown
in Fig. G.1 and Fig. G.2, respectively. The dotted lines in the figure show upper and

lower limits of the variables.
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Table G.1: Installed capacity and active power output of generators and generator groups
for different operating conditions. Wind and hydro generators are indicated with w and h
respectively

Gener | Capa Generation (pu) for different cases
ators city 1 2 3 4 5 6 7 8 9 10
Gl(w) | 345 | 39 | 17.0|17.0| 17.0 | 20.8 | 17.0 | 17.0 | 17.0 | 17.0 | 19.5
G2(h) 7.8 45 | 45 | 45 | 45 0.0 45 | 45 | 45 | 45 | 45
G3(w) 2.6 03] 13|13 ] 13 2.3 1.3 113 13|13 | 14
G4 135 | 123 | 11.1 | 12.3 | 4.3 0.0 | 123|123 |12.3 | 12.3 | 0.0
G5(w) | 28.1 | 3.2 | 13.8|13.8|13.8| 174 | 13.8 | 13.8 | 13.8|13.8 | 15.9
G6(h) 7.8 4.5 | 45 | 45 | 45 0.0 4.5 | 45 | 45 | 45 | 45
G7(w) | 1.8 [ 0209|0909 16 [ 09|09 )|09|09]10
G8 224 1203 |183]203| 7.1 0.0 |20.3120.3|20.3|20.3|20.3
GO(h) | 47 |27 |27 |27 | 27| 00 |27 |27 |27 |27 |27
G10 97 | 88 | 79 | 88 | 31| 00 | 88 | 88 | 88 | 88 | 88
G11(w) | 70.1 | 8.0 | 34.5|34.5|345| 329 | 34.5|34.5 | 34.5| 34.5 | 39.6
G12(h) | 1.1 | 07 | 0.7 | 0.7 | 0.7 | 0.0 | 0.7 | 0.7 | 0.7 | 0.7 | 0.7
G13(w) | 159 | 1.8 | 78 | 7.8 | 7.8 | 145 | 78 | 7.8 | 7.8 | 7.8 | 9.0
G14 204 | 186 | 16.7 | 186 | 6.5 | 0.0 |18.6|18.6| 18.6 | 18.6 | 18.6
G15 309 |28.0 252 ]28.0( 9.8 | 28.0 |28.028.0]28.0|28.0]28.0
G16(w) | 9.1 | 1.0 | 45 | 45 | 45 | 83 | 45 | 45 | 45 | 45 | 52
G17 49.0 | 44.5140.0 | 445|445 | 372 | 445|445 0.0 | 445 0.0
G18 271 1246221246246 | 246 | 24.6 |24.6|24.6|24.6 | 24.6
G19(h) | 150 | 88 | 88 | 88 | 88 | 88 | 88 | 88 | 88 | 88 | 88
G20 68.7 | 62.4|56.2 | 624|624 | 624 | 624|624 |624 | 624|624
G21 | 107.8 | 97.8 |88.1|97.8|97.8 | 97.8 | 97.8 | 97.8 | 97.8 | 97.8 | 97.8
G22 17.6 | 16.0 | 144 | 12.0 | 16.0 | 16.0 | 16.0 | 16.0 | 16.0 | 0.0 | 16.0
G23 193 | 175|158 | 13.1 | 17.5 | 175 | 175|175 | 175 | 17.5 | 17.5
G24 28.6 |26.0|234]19.5]26.0| 26.0 |26.0|26.0]|26.0]26.0|26.0
G25 13.7 125 | 11.2 | 94 | 125 | 125 | 12,5 | 12.5 | 125 | 12.5 | 12.5
G26 59 | 53 | 48 | 40 | 53 | 53 | 53 | 53 | 53] 0.0 | 5.3
G27 3.5 3.2 129 | 24| 32 3.2 3.2 32| 32| 32| 32
G28 67.7 | 61.5 | 55.3 | 46.1 | 61.5 | 61.5 | 0.0 | 0.0 | 61.5 | 61.5 | 61.5
G29 18.7 | 17.0| 153 | 12.7 | 17.0 | 17.0 | 17.0 | 17.0 | 17.0 | 0.0 | 17.0
G30 48.5 | 44.1 [ 39.7 | 33.1 | 44.1 | 44.1 | 441 | 441 | 44.1 | 44.1 | 441
G31 95 | 124 78 | 6.5 |109| 0.0 |11.2|11.2| 0.6 | 5.0 | 0.9
G32(w) | 151 | 1.7 | 6.2 [129| 74 | 157 | 121|121 | 3.5 | 6.9 | 3.5
G33 135 | 1221 11.0 ] 9.2 | 98 | 12.2 | 122|122 | 122 | 0.0 | 12.2
G34 19.1 | 173|156 | 13.0 | 13.9 | 17.3 | 173 | 17.3 | 17.3 | 17.3 | 17.3
Wind | 177 |20.2 | 85.8 | 92.5|87.1 | 113.5|91.7 | 91.7 | 83.1 | 86.6 | 95.0
Hydro 36 212212212212 88 |21.2|21.2|21.2|21.2|212
Therm | 615 | 562 | 502 | 498 | 497 | 482 | 499 | 499 | 506 | 504 | 494
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Figure G.1: Reactive power generation of different generators for the 2020 operating
conditions of representative GB system. Th tted lines shows the upper and lower limits
considering allowable power factor. Plot a corresponds to Case-1 and so on.
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Bibliography

[6]

[7]

WWEA, “The world wind energy association 2012 half year report,” 2012.
[Online]. Available: http://www.wwindea.org/home/index.php

D. Corbus, D. Lew, G. Jordan, W. Winters, F. Van Hull, J. Manobianco, and
B. Zavadil, “Up with wind,” IEEE Power and Energy Magazine, vol. 7, no. 6,
pp. 36 —46, november-december 2009.

B. Ummels, M. Gibescu, E. Pelgrum, W. Kling, and A. Brand, “Impacts
of wind power on thermal generation unit commitment and dispatch,” [FEFE

Transactions on Energy Conversion, vol. 22, no. 1, pp. 44 —51, march 2007.

A. Ipakchi and F. Albuyeh, “Grid of the future,” IEFEE Power and Energy
Magazine, vol. 7, no. 2, pp. 52 —62, march-april 2009.

J. Blau, “Europe plans a north sea grid,” IEEE Spectrum, vol. 47, no. 3, pp. 12
—13, march 2010.

S. Gordon, “Supergrid to the rescue,” Power Engineer, vol. 20, no. 5, pp. 30
—-33, oct.-nov. 2006.

P. Kundur and L. Wang, “Small signal stability analysis: experiences,
achievements, and challenges,” in International Conference on Power System
Technology, 2002. Proceedings. PowerCon 2002., vol. 1, oct 2002, pp. 6 — 12

vol.1.

A. R. Messina, Inter-area Oscillations in Power Systems: A Nonlinear and

Nonstationary Perspective. Springer, 2009.

B. Chaudhuri and B. Pal, “Robust damping of multiple swing modes employing
global stabilizing signals with a tcsc,” IEEE Transactions on Power Systems,
vol. 19, no. 1, pp. 499 — 506, feb. 2004.

192



[10]

[11]

[12]
[13]

[14]

[15]

[16]

[18]

[20]

B. C. Pal, “Robust damping control of inter-area oscillations in power systems
with superconducting magnetic energy storage devices,” Ph.D. dissertation,

Imperial College London, 1999.

A. Atputharajah and T. Saha, “Power system blackouts - literature review,” in
International Conference on Industrial and Information Systems (ICILS), 2009,
dec. 2009, pp. 460 —465.

B. Pal and B. Chaudhuri, Robus Control in Power Systems. Springer, 2005.
G. Rogers, Power System Oscillations. Kluwer Academic Publishers, 2000.

W. Watson and G. Manchur, “Experience with supplementary damping
signals for generator static excitation systems,” IFEE Transactions on Power
Apparatus and Systems, vol. PAS-92, no. 1, pp. 199 —203, jan. 1973.

F. P. de Mello, L. N. Hannett, and J. M. Undrill, “Practical approaches to
supplementary stabilizing from accelerating power,” [EEE Transactions on
Power Apparatus and Systems, vol. PAS-97, no. 5, pp. 1515 —1522, sept. 1978.

M. Aboul-Ela, A. Sallam, J. McCalley, and A. Fouad, “Damping controller
design for power system oscillations using global signals,” IEFE Transactions

on Power Systems, vol. 11, no. 2, pp. 767 =773, may 1996.

K. M. W. W. P.L. Dandeno, A.N. Karas, “Effect of high-speed rectifier
excitation systems on generator stability limits,” IEEE Transactions on Power
Apparatus and Systems, vol. PAS-87, pp. 81-95, 1968.

P. Kundur, M. Klein, G. Rogers, and M. Zywno, “Application of power system
stabilizers for enhancement of overall system stability,” IFEFE Transactions on
Power Systems, vol. 4, no. 2, pp. 614 —626, may 19809.

M. Gibbard, N. Martins, J. Sanchez-Gasca, N. Uchida, V. Vittal, and L. Wang,
“Recent applications of linear analysis techniques,” IEEE Transactions on
Power Systems,, vol. 16, no. 1, pp. 154 —162, feb 2001.

L. Angquist, B. Lundin, and J. Samuelsson, “Power oscillation damping using
controlled reactive power compensation-a comparison between series and shunt
approaches,” IEEE Transactions on Power Systems, vol. 8, no. 2, pp. 687 —700,
may 1993.

193



[21]

23]

[24]

[25]

[26]

[27]

28]

[29]

A. Simoes, D. Savelli, P. Pellanda, N. Martins, and P. Apkarian, “Robust
design of a tesc oscillation damping controller in a weak 500-kv interconnection
considering multiple power flow scenarios and external disturbances,” [FEFE

Transactions on Power Systems, vol. 24, no. 1, pp. 226 —236, feb. 2009.

B. Castellanos, A. Messina, G. Calderon, and U. Sarmiento, “Large-scale use of
facts technology for damping inter-area oscillations in the mexican system,” in
IEEE Power Engineering Society General Meeting, 2007, june 2007, pp. 1 -8.

M. Zarghami, M. Crow, J. Sarangapani, Y. Liu, and S. Atcitty, “A novel
approach to interarea oscillation damping by unified power flow controllers
utilizing ultracapacitors,” IEEE Transactions on Power Systems, vol. 25, no. 1,
pp. 404 412, feb. 2010.

B. Pal, “Robust damping of interarea oscillations with unified power-flow
controller,” IEE Proceedings- Generation, Transmission and Distribution, vol.
149, no. 6, pp. 733 — 738, nov 2002.

R. Preece, A. Almutairi, O. Marjanovic, and J. Milanovic, “Damping of inter-
area oscillations using wams based supplementary controller installed at vsc
based hvdc line,” in PowerTech, 2011 IEEE Trondheim, june 2011, pp. 1 -8.

B. Pal, A. Coonick, and D. Macdonald, “Robust damping controller design in
power systems with superconducting magnetic energy storage devices,” [EFEFE
Transactions on Power Systems, vol. 15, no. 1, pp. 320 —325, feb 2000.

C.B. Z. A. C. J. L. Pal, B.C., “Simultaneous stabilisation approach for power
system damping control design through tcpar employing global signals,” IEFE
Proceedings Generation, Transmission and Distribution, vol. 151, pp. 43-50,
2004.

N. Martins and L. T. G. Lima, “Determination of suitable locations for power
system stabilizersand static var compensators for damping electromechanical
oscillations in large scale power systems,” I[IEEE Transactions on Power
Systems, vol. 5, pp. 1455—-1469, 1990.

J. Thorp, A. Abur, M. Begovic, J. Giri, and R. Avila-Rosales, “Gaining a wider
perspective,” IEEE Power and Energy Magazine, vol. 6, no. 5, pp. 43 —51,
september-october 2008.

194



[30]

[31]

32]

33]

[34]

[35]

[36]

[39]

L. Rouco and F. Pagola, “An eigenvalue sensitivity approach to location and
controller design of controllable series capacitors for damping power system
oscillations,” IEFE Transactions on Power Systems, vol. 12, no. 4, pp. 1660
—-1666, nov 1997.

F. Pagola, 1. Perez-Arriaga, and G. Verghese, “On sensitivities, residues and
participations: applications to oscillatory stability analysis and control,” IEFEFE

Transactions on Power Systems, vol. 4, no. 1, pp. 278 —285, feb 1989.

J. Ferraz, N. Martins, and G. Taranto, “Simultaneous partial pole placement for
power system oscillation damping control,” in IEEE Power Engineering Society
Winter Meeting, 2001., vol. 3, 2001, pp. 1154 —1159 vol.3.

A. Hamdan and A. Elabdalla, “Geometric measures of modal controllability
and observability of power system models,” FElectric Power Systems
Research, vol. 15, mo. 2, pp. 147 — 155 1988. [Online]. Available:
http://www.sciencedirect.com/science/article/pii/0378779688900181

A. Heniche and I. Karnwa, “Control loops selection to damp inter-area
oscillations of electrical networks,” IFEE Transactions on Power Systems,
vol. 17, no. 2, pp. 378 —384, may 2002.

A. Heniche and I. Kamwa, “Assessment of two methods to select wide-area
signals for power system damping control,” IEEE Transactions on Power
Systems, vol. 23, no. 2, pp. 572 =581, may 2008.

M. Farsangi, Y. Song, and K. Lee, “Choice of facts device control inputs for
damping interarea oscillations,” IEEE Transactions on Power Systems, vol. 19,
no. 2, pp. 1135 — 1143, may 2004.

S. Skogestad and 1. Postlethwaite, Multivariable feedback control: analysis and
design. John Wiley, 2005.

U. Mhaskar and A. Kulkarni, “Power oscillation damping using facts devices:
modal controllability, observability in local signals, and location of transfer
function zeros,” IEEE Transactions on Power Systems, vol. 21, no. 1, pp. 285
— 294, feb. 2006.

J. Hauer, “Robust damping controls for large power systems,” IEEE Control
Systems Magazine, vol. 9, no. 1, pp. 12 18, jan. 1989.

195



[40]

[42]

[43]

[44]

[46]

[48]

L. E. Jones and G. Andersson, “Application of modal analysis of
zeros to power systems control and stability,” FElectric Power Systems
Research, vol. 46, mno. 3, pp. 205 — 211, 1998. [Online]. Available:
http://www.sciencedirect.com/science/article/pii/S0378779698000108

L. Fan and A. Feliachi, “Effective signal selection in decentralized control design
of nonlinear interconnected systems,” in [EEE Conference on Decision and
Control, 2001. Proceedings of the 40th, vol. 3, 2001, pp. 3020 ~3024 vol.3.

S. Ray, B. Chaudhuri, and R. Majumder, “Appropriate signal selection for
damping multi-modal oscillations using low order controllers,” in IEEE Power
and Energy Society General Meeting - Conversion and Delivery of Electrical
Energy in the 21st Century, 2008, july 2008, pp. 1 —7.

H. Wang, “Selection of robust installing locations and feedback signals of
facts-based stabilizers in multi-machine power systems,” IEEE Transactions

on Power Systems, vol. 14, no. 2, pp. 569 —574, may 1999.

A. Messina, “Experience with the analysis of small signal stability in
longitudinal systems: a case study with the mexican interconnected
system,”  International Journal of FElectrical Power &amp;  Energy
Systems, vol. 17, mno. 5, pp. 291 — 299, 1995. [Online|. Available:
http://www.sciencedirect.com/science/article/pii/0142061594000013

J. da Cruz and L. C. Z. Jr., “Stabilizer design for multimachine power systems
using mathematical programming,” International Journal of Electrical Power
Eamp; Energy Systems, vol. 19, no. 8, pp. 519 — 523, 1997. [Online]. Available:
http://www.sciencedirect.com/science/article/pii/S0142061597000239

A. Dysko, W. Leithead, and J. O'Reilly, “Enhanced power system stability by
coordinated pss design,” IEEE Transactions on Power Systems, vol. 25, no. 1,
pp. 413 —422, feb. 2010.

M. Gibbard, “Co-ordinated design of multimachine power system stabilisers
based on damping torque concepts,” IEE Proceedings Generation, Transmission
and Distribution,, vol. 135, no. 4, pp. 276 —284, jul 1988.

J. Zanetta, L.C. and J. J. D. Cruz, “An incremental approach to the coordinated
tuning of power systems stabilizers using mathematical programming,” [FEFE

Transactions on Power Systems, vol. 20, no. 2, pp. 895 — 902, may 2005.

196



[49] L. Cai and I. Erlich, “Simultaneous coordinated tuning of pss and facts
controller for damping power system oscillations in multimachine systems,” in
IEEE Bologna Power Tech Conference Proceedings, 2003, vol. 2, june 2003, p.
6 pp. Vol.2.

[50] P. Pourbeik and M. Gibbard, “Simultaneous coordination of power system
stabilizers and facts device stabilizers in a multimachine power system for
enhancing dynamic performance,” [EEE Transactions on Power Systems,
vol. 13, no. 2, pp. 473 —479, may 1998.

[51] B. Chaudhuri, B. Pal, A. Zolotas, I. Jaimoukha, and T. Green, “Mixed-
sensitivity approach to h infin; control of power system oscillations employing
multiple facts devices,” IEEFE Transactions on Power Systems, vol. 18, no. 3,
pp- 1149 — 1156, aug. 2003.

[52] E. W. E. Association, Wind Energy- The Facts, A guide to the technology,

economics and future of wind power. Routledge, 2009.
(53] TEA, Renewables In Global Energy Supply An IEA Fact Sheet, 2007.

[54] S. House of Commons Innovation, Universities and S. Committee, “Fifth report
of session 200708 renewable electricity generation technologies,” the House of
Commons London, Tech. Rep., 2007.

[55] T. Unruh and W. Jewell, “Data from the sun,” in IEEE Region 5 Conference,
1988: ’Spanning the Peaks of Electrotechnology’, mar 1988, pp. 60 —62.

[56] G. Sinden, “Characteristics of the uk wind resource: Long-term patterns and

relationship to electricity demand,” Energy Policy, vol. 35, pp. 112-127, 2007.

[57] Operating the electricity transmission networks in 2020-update june 2011,
natioanGrid Std.

[58] M. Milligan, K. Porter, E. DeMeo, P. Denholm, H. Holttinen, B. Kirby,
N. Miller, A. Mills, M. O’Malley, M. Schuerger, and L. Soder, “Wind power
myths debunked,” IEEE Power and Energy Magazine, vol. 7, no. 6, pp. 89 —99,

november-december 2009.

[59] 1. E. Agency, “Technology roadmap, wind energy,” TEA, Tech. Rep., 20009.

197



[60]

[61]

[62]

[63]

[64]

[65]

[66]

[67]

[69]

M. Madrigal and S. Stoft, “Transmission expansion for renewable energy
scale-up emerging lessons and recommendations,” 2011. [Online|. Available:
http://siteresources.worldbank.org/ EXTENERGY2/Resources/ Transmission-
Expansion-and-RE.pdf

P. Bresesti, W. Kling, and R. Vailati, “Transmission expansion issues for
offshore wind farms integration in europe,” in IEEE/PES Transmission and
Distribution Conference and Exposition, 2008. T x00026;D., april 2008, pp. 1
-T.

R. Moreno, G. Strbac, F. Porrua, S. Mocarquer, and B. Bezerra, “Making room
for the boom,” IEEE Power and Energy Magazine, vol. 8, no. 5, pp. 36 —46,
sept.-oct. 2010.

E. N. S. Group, “Our electricity transmission network: A vision for 2020,”
Electricity Networks Strategy Group, Tech. Rep., 2009. [Online]. Available:
www.berr.gov.uk/files/file50333.pdf

A. Phadke and J. Thorp, Synchronized Phasor Measurements and Their
Applications. Springer, 2010.

S. Horowitz, D. Novosel, V. Madani, and M. Adamiak, “System-wide
protection,” IEEFE Power and Energy Magazine, vol. 6, no. 5, pp. 34 —42,
september-october 2008.

K. Martin and J. Carroll, “Phasing in the technology,” IEEE Power and Energy
Magazine, vol. 6, no. 5, pp. 24 —33, september-october 2008.

N. Hingorani, “Future distribution system,” in IEEFE PES Innovative Smart
Grid Technologies (ISGT), 2012, jan. 2012, p. 1.

D. Li, S. Wang, and P. Yuan, “A review of micro wind turbines in the built
environment,” in Power and Energy Engineering Conference (APPEEC), 2010
Asia-Pacific, march 2010, pp. 1 —4.

L. Wiginton, H. Nguyen, and J. Pearce, “Quantifying rooftop solar
photovoltaic potential for regional renewable energy policy,” Computers,
Environment and Urban Systems, vol. 34, mno. 4, pp. 345 — 357,
2010, jce:title; Geospatial Cyberinfrastructurej/ce:title;. [Online]. Available:
http://www.sciencedirect.com/science/article/pii/S0198971510000025

198



[70] R. Arritt and R. Dugan, “Distribution system analysis and the future smart
grid,” IEEE Transactions on Industry Applications, vol. 47, no. 6, pp. 2343
—2350, nov.-dec. 2011.

[71] P. Palensky and D. Dietrich, “Demand side management: Demand response,
intelligent energy systems, and smart loads,” IEEE Transactions on Industrial
Informatics, vol. 7, no. 3, pp. 381 —388, aug. 2011.

[72] P. Kundur, Power System Stability and Control. McGraw-Hill, 1994.
[73] K. R. Padiyar, Power System Dynamics: Stability € Control. Anshan, 2004.

[74] P. W. Sauer and M. A. Pai, Power System Dynamics and Stability. Prentice
Hall, 1997.

[75] I. Canay, “Physical significance of sub-subtransient quantities in dynamic
behaviour of synchronous machines,” [EE Proceedings FElectric Power
Applications, vol. 135, no. 6, pp. 334 —340, november 1988.

[76] “Matlab technical documentation.” [Online]. Available:
http://www.mathworks.co.uk/help/techdoc/

[77] Simulating dynamic systems :  Algebraic loops. [Online|. Available:
http://www.mathworks.co.uk/help/toolbox /simulink /ug/f7-8243.html

(78] IC block, Matlab documentation. [Online]. Available:
http://www.mathworks.co.uk/help/toolbox/simulink /slref /ic.html

[79] LINMOD, Matlab documentation. [Online]. Available:
http://www.mathworks.co.uk/help/toolbox/simulink /slref/linmod.html

[80] G. Tapia, A. Tapia, and J. Ostolaza, “Two alternative modeling approaches
for the evaluation of wind farm active and reactive power performances,” IFEFE

Transactions on Energy Conversion, vol. 21, no. 4, pp. 909 —920, dec. 2006.

[81] V. Akhmatov and H. Knudsen, “An aggregate model of a grid-connected,
large-scale, offshore wind farm for power stability investigationsimportance of
windmill mechanical system,” International Journal of Electrical Power &amp;
Energy Systems, vol. 24, no. 9, pp. 709 — 717, 2002. [Online|. Available:
http://www.sciencedirect.com/science/article/pii/S0142061501000898

199



[82]

[83]

[84]

[85]

[36]

[87]

[38]

[39]

[91]

K. Ben Kilani and M. Elleuch, “Simplified modelling of wind farms for voltage
dip transients,” in 9th International Multi-Conference on Systems, Signals and
Devices (SSD), 2012, march 2012, pp. 1 —6.

K. Rudion, Z. Styczynski, A. Orths, and O. Ruhle, “Mawind - tool for the
aggregation of wind farm models,” in IEEE Power and Energy Society General
Meeting - Conversion and Delivery of Electrical Energy in the 21st Century,
2008, july 2008, pp. 1 -8.

P. A. and Carlson, “Aggregated models of a large wind farm consisting
of variable speed wind turbines for power system stability studies,” in &th
International Workshop on Large Scale Integration of Wind Power into Power

Systems as well as on Transmission Networks for Offshore Wind Farms, 2009.

F. Mei, “Small signal modelling and analysis of deoubly fed induction generators

in wind power applications,” Ph.D. dissertation, Imperial College London, 2008.

W. E. C. C. Modeling and V. W. Group, WECC Wind Power Plant Dynamic
Modeling Guide, WECC Renewable Energy Modeling Task Force, August 2010.

PSLF Users Manual, GE.

D. Vowles, C. Samarasinghe, M. Gibbard, and G. Ancell, “Effect of wind
generation on small-signal stability a new zealand example,” in IEEE Power
and Energy Society General Meeting - Conversion and Delivery of Electrical
Energy in the 21st Century, 2008, july 2008, pp. 1 -8.

A. Mendonca and J. Lopes, “Impact of large scale wind power integration on

2

small signal stability,” in International Conference on Future Power Systems,

2005, nov. 2005, pp. 5 pp. 9.

T. Knu? andppel, J. Nielsen, K. Jensen, A. Dixon, and J. Ostergaard, “Small-
signal stability of wind power system with full-load converter interfaced wind
turbines,” IET Renewable Power Generation, vol. 6, no. 2, pp. 79 —91, march
2012.

C. Wang, L. Shi, L. Wang, and Y. Ni, “Small signal stability analysis considering
grid-connected wind farms of dfig type,” in IEEE Power and Energy Society
General Meeting - Conversion and Delivery of FElectrical Energy in the 21st
Century, 2008, july 2008, pp. 1 —6.

200



[92]

[93]

[94]

[95]

[96]

[98]

[100]

G. Tsourakis, B. Nomikos, and C. Vournas, “Contribution of doubly fed wind
generators to oscillation damping,” IEEE Transactions on Energy Conversion,
vol. 24, no. 3, pp. 783 791, sept. 2009.

C. Su and Z. Chen, “Influence of wind plant ancillary voltage control on system
small signal stability,” in 9th International Conference on the Furopean Energy
Market (EEM), 2012, may 2012, pp. 1 —6.

N. Modi, T. Saha, and N. Mithulananthan, “Effect of wind farms with doubly
fed induction generators on small-signal stability a case study on australian

equivalent system,” in IEEE PES Innovative Smart Grid Technologies Asia
(ISGT), 2011, nov. 2011, pp. 1 7.

D. Gautam and V. Vittal, “Impact of dfig based wind turbine generators on
transient and small signal stability of power systems,” in IEEE Power Energy
Society General Meeting, 2009. PES 09., july 2009, pp. 1 —6.

J. Rueda and I. Erlich, “Impacts of large scale integration of wind power on
power system small-signal stability,” in 4th International Conference on Electric
Utility Deregulation and Restructuring and Power Technologies (DRPT), 2011,
july 2011, pp. 673 —681.

E. Vittal, M. O’'Malley, and A. Keane, “Rotor angle stability with high
penetrations of wind generation,” [IEEE Transactions on Power Systems,
vol. 27, no. 1, pp. 353 —362, feb. 2012.

L. D. Tommasi, M. Gibescu, and A. J. Brand, “A dynamic wind farm aggregate
model for the simulation of power fluctuations due to wind turbulence,” Journal
of Computational Science, vol. 1, no. 2, pp. 75 — 81, 2010. [Online]. Available:
http://www.sciencedirect.com/science/article/pii/S187775031000013X

M. Gibbard, “Robust design of fixed-parameter power system stabilisers over
a wide range of operating conditions,” IEFE Transactions on Power Systems,,
vol. 6, no. 2, pp. 794 800, may 1991.

K. Bell and A. Tleis, “Test system requirements for modelling future power
systems,” in IEEE Power and Energy Society General Meeting, 2010, july 2010,

pp- 1 -8.

201



[101]

[102]

103]

[104]

[105]

106]

107]

[108]

109

[110]

[111]

[112]

[113]

“Representative model of the gb transmission
system.” [Online]. Available: http:/ /www.supergen-
networks.org.uk /filebyid /748 /RepresentativeGBNetwork. pdf

National FElectricity Transmission System Security and Quality of Supply
Standard, NationalGrid, 2012.

G. Rogers, “Demystifying power system oscillations,” [EEE Computer
Applications in Power, vol. 9, no. 3, pp. 30 —35, jul 1996.

R. Langton, Stability and Control of Aircraft Systems: Introduction to Classical
Feedback Control. Wiley-Blackwell, 2006.

S. M. Ross, Introduction to Probability Models. New York: Academic, 1997.

R. Singh, B. Pal, and R. Vinter, “Measurement placement in distribution system
state estimation,” IEEE Transactions on Power Systems, vol. 24, no. 2, pp. 668
—675, may 2009.

R. Singh, “State estimation in power distribution network operation,” Ph.D.

dissertation, Imperial College London, 2009.
G. Strang, Linear Algebra and Its Applications. NewYork: Harcourt, 1988.

J. Rueda, D. Colome, and I. Erlich, “Assessment and enhancement of
small signal stability considering uncertainties,” IEFE Transactions on Power
Systems, vol. 24, no. 1, pp. 198 =207, feb. 2009.

R. C. Burchett and G. T. Heydt, “Probabilistic methods for power system
dynamic stability studies,” IEEE Transactions on Power Apparatus and
Systems, vol. PAS-97, no. 3, pp. 695 —702, may 1978.

D. N. Ewart, “Whys and wherefores of power system blackouts,” IEEE Spec,
vol. 15, pp. 36-41, 1978.

T.-H. Yeh and L. Wang, “A study on generator capacity for wind turbines under
various tower heights and rated wind speeds using weibull distribution,” IFEFE

Transactions on Energy Conversion, vol. 23, no. 2, pp. 592 —602, june 2008.

J. Seguro and T. Lambert, “Modern  estimation  of  the
parameters of the weibull wind speed distribution for wind energy

analysis,”  Journal of Wind Engineering and Industrial Aerodynamics,

202



[114]

[115]

[116]

[117]

[118]

[119]

[120]

[121]

[122]

vol. 85, mo. 1, pp. 75 — 84, 2000. [Online]. Available:
http://www.sciencedirect.com/science/article/pii/S0167610599001221

X. Liu, S. Islam, A. Chowdhury, and D. Koval, “Tired of continuous time-series
analysis or calculations?” IEEE Industry Applications Magazine, vol. 16, no. 5,
pp. 59 —65, sept.-oct. 2010.

R. Johnson, N. Klemm, H. De Laneuville, S. Koetschau, and G. Wild, “Power
modulation of sidney hvdc scheme. i. ras control concept, realization and field
tests,” IEEE Transactions on Power Delivery, vol. 4, no. 4, pp. 2145 —2152, oct
1989.

L. Fan, H. Yin, and Z. Miao, “On active/reactive power modulation of dfig-
based wind generation for interarea oscillation damping,” IEEE Transactions

on Energy Conversion, vol. 26, no. 2, pp. 513 =521, june 2011.

7. Miao, L. Fan, D. Osborn, and S. Yuvarajan, “Control of dfig based wind
generation to improve inter-area oscillation damping,” in IEFE Power and
Energy Society General Meeting - Conversion and Delivery of Electrical Energy
in the 21st Century, 2008, july 2008, pp. 1 —7.

E. Fagan, S. Grimes, J. McArdle, P. Smith, and M. Stronge, “Grid code
provisions for wind generators in ireland,” in IEEE Power Engineering Society
General Meeting, 2005., june 2005, pp. 1241 — 1247 Vol. 2.

EirGrid Grid Code, http://www.eirgrid.com/media/Grid

Wind  turbines  connected to  grids  with  wvoltages  below 100
EV, English version of Technical  Regulations TF 3.2.0.
Elkraft  systems and  Eltra  systems, 2004.  [Online].  Avail-
able:  https://selvbetjening.preprod.energinet.dk /NR /rdonlyres/E4E7TA0OBA-
884F-4E63-A2F0-98EB5BD8D4B4/0/  WindTurbinesConnectedtoGridswith-
Voltageabovel00kV.pdf

P. Eriksen, T. Ackermann, H. Abildgaard, P. Smith, W. Winter, and
J. Rodriguez Garcia, “System operation with high wind penetration,” IFEE
Power and Energy Magazine, vol. 3, no. 6, pp. 65 — 74, nov.-dec. 2005.

I. M. de Alegra, J. Andreu, J. L. Martn, P. Ibaez, J. L. Villate, and

H. Camblong, “Connection requirements for wind farms: A survey on

203



[123]

[124]

79

technical requierements and regulation,” Renewable and Sustainable Energy
Reviews, vol. 11, mno. 8, pp. 1858 — 1872, 2007. [Online]. Available:

http://www.sciencedirect.com/science/article/pii/S1364032106000463

How we balance the countrys electricity
transmission system, Nationalgrid. [Online]. Available:
http://www.nationalgrid.com /uk/Electricity /AboutElectricity /Balancing
+the+network/

W. Christiansen and D. T. Johnsen, “Analysis of requirements in selected
grid codes,” OrstedDTU, Section of Electric power Engineering, Technical
University of Denmark (DTU)., Tech. Rep., 2006.

204



List of publications

. Kunjumuhammed, L.P.; Singh, R.; Pal, B.C.; , "Robust signal selection for
damping of inter-area oscillations,” Generation, Transmission & Distribution,
IET | vol.6, no.5, pp.404-416, May 2012

. Kunjumuhammed, L.P.; Singh, R.; Pal, B.C.; , ”Probability based control signal
selection for inter area oscillations damping using TCSC,” Power and Energy
Society General Meeting, 2010 IEEE | vol.; no., pp.1-6, 25-29 July 2010

. L. Kunjumuhammed, B. Pal, K. Anaparthi, and S. Kuenzel, , "Small signal
stability impact of large wind penetration in UK power system,” Accepted for
11th International Workshop on Large-Scale Integration of Wind Power into
Power Systems as well as on Transmission Networks for Offshore Wind Power
Plants, 13-15 November 2012, Lisbon, Portugal

. S. Kuenzel, L. Kunjumuhammed, B. Pal, and I. Erlich, ”Windfarm inertial
response capability considering wake effect,” Accepted for 11th International
Workshop on Large-Scale Integration of Wind Power into Power Systems as well
as on Transmission Networks for Offshore Wind Power Plants, 13-15 November
2012, Lisbon, Portugal

. Terzija, V.; Regulski, P.; Kunjumuhammed, L.P.; Pal, B.C.; Burt, G
Abdulhadi, I.; Babnik, T.; Osborne, M.; Hung, W.; , "FlexNet wide area
monitoring system,” Power and Energy Society General Meeting, 2011 [EEE |
vol., no., pp.1-7, 24-29 July 2011

. A. Harjula, T. Rauhala, B. C. Pal, A.-J. Nikkil, and L. Kunjumuhammed, ”On
wind power plant voltage control response characteristics from the perspective
of planning of stability restricted transmission network,” Accepted for 11th
International Workshop on Large-Scale Integration of Wind Power into Power

Systems as well as on Transmission Networks for Offshore Wind Power Plants,
13-15 November 2012, Lisbon, Portugal

205



206



