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CHAPTER 1 INTRODUCTION

1.1 Overview

Over the last few years, power transmission systems have expanded in size and complexity with
a huge number of interconnections, thousands of substations and hundreds of generators[1].
Moreover, the role of long distance and large power transmission lines become more important
due to the continuing increasing in the electrical power demand, even though, the constructions
of new transmission lines are becoming so critical in term of power system stability. Recently,
great accomplishments have been achieved in terms of power electronics technologies which
encouraged the inventions of more efficient power systems. The main reason is the ability of
power electronics devices to deal with power system dynamics and control power flow in

transmission lines.

On the basis of the above background, many flexible ac transmission system (FACTS)
technologies have been developed[2]. Furthermore, as a typical FACTS device, static
synchronous compensators (STATCOM) have been developed and put into operation to enhance

the system robustness and to improve its operation .

Several distinct models have been proposed to represent STATCOM in static and dynamic
analysis. In[3], STATCOM is modeled as parallel connected current source; where in the
controllable parameter is assumed to be current magnitude. In[4] the STATCOM model is
suitable to study the performance of STATCOM under unbalanced distorted system voltage.
Different models for transient stability and steady state stability analysis of the power system

with STATCOM are presented in [5]. However, the models were based on the assumptions that
1



voltages and currents are sinusoidal, balanced and operate near fundamental frequency, hence
could not be applied to systems under the impact of large disturbance that have voltage and/or
current with high harmonic content. A comparative study is carried out for dynamic operation of

different models of STATCOM and their performance[6].

New developments in the Real Time Digital Simulator (RTDS®) Simulator with particular focus
on the simulation of multilevel VSCs using PWM control are presented in [7]. The work
conducted clearly shows that the RTDS Simulator can be relied upon to accurately test VSC
firing pulse controls using PWM frequencies in the range of 1500 Hz. The RTDS main network
is solved with a typical time-step size of about 50 us. Recently, RTDS added the capability of
simulating power electronic switches used in Voltage Source Converters (VSC) on GPC
(Gigabyte Processing Card) with significantly smaller time steps from 1.4 to 2.5 ps. In [8], the
author proposes a third order dynamic model of the power system to incorporate STATCOM in

the system to study its damping properties.

Validating a five-level STATCOM model implemented in the RTDS small time-step
environment is presented in [9]. A simulation performed on the RTDS hardware is controlled
from RSCAD/Runtime [10]. A technique explored by Hui and Christopoulos, whereby the
Dommel network conductance does not need to be decomposed or inverted during the
simulation, was implemented [11][12]. K. L. Lian presented a method based on Time Averaging

to simulate the voltage source converter in RTDS [13] .

In this thesis, the synchronous machine model, STATCOM based stabilizer model with its
control scheme is presented. STATCOM is implemented on RTDS. The modeling of STATCOM

is done in small time-step, which could be used any power hardware-in-loop test. Simulation



studies are carried out with the RTDS simulation. The dynamic behavior of the system was

obtained for fault disturbance.

1.2 Motivation

STATCOM has been developed and put into operation to maintain voltage and to improve the
power swing damping by the auxiliary control which will control the real and reactive power
goes in and out of the STATCOM. In other words, a STATCOM can be used to enhance the
power quality provided to consumers by decreasing voltage flicker and mitigate small voltage
sags. Also, it has been shown that a STATCOM with a new controller can be used to handle

unbalanced voltages in distribution power systems [14].

As an example of insertion of STATCOM into a power system, a STATCOM is currently
installed at Inuyama in Japan and the Sullivan Substation of the Tennessee Valley Authority
(TVA) for transmission line compensation[15]. The active power injection/absorption control
function has better performance for the power swing damping and can improve the transient
stability. But STATCOM itself cannot control the active power injection/absorption to power
system. A STATCOM with energy storage system can control both the reactive and the active
power injection/absorption, thus providing more flexible power system operation [16]. In a
nutshell, STATCOM became very useful solution for several problems that are being faced by

both the utility as well as the industries, its advantages could be summarized as follow:

e Maintain voltage level within the acceptable range.
e Improve the transient stability of the power system by enhancing the power swing

damping using reactive and active power control.



e Increasing power transfer capability.
e Power factor correction.
e Unsymmetrical load balancing.

e Minimizing line losses.

1.3 Thesis Objective

The objective of this thesis is to analyze and to implement in real time the STATCOM based
stabilizer for power system stability enhancement. This study includes coordination design
between PSS and STATCOM-based controllers. The procedure to achieve the thesis objective is

as follows:

1. For a the system equipped with PSS and STATCOM the linearized models were
developed.

2. Singular Value Decomposition (SVD) analysis is employed as a controllability measure
of the different control signals on the system.

3. The design problem of PSS and STATCOM controllers are formulated as an optimization
problem to search for optimal controller’s parameters by maximizes the minimum
damping ratio of all complex eigenvalues.

4. Eigenvalue analysis is carried out to assess the effectiveness of the proposed stabilizers
on enhancing the EM mode stability.

5. Coordination design of PSS and STATCOM controllers is carried out by considering
more than one stabilizer in the design process.

6. The design process is extended to make the controller robust by considering a wide range

of operation conditions during the design.



7. The eigenvalue analysis and the nonlinear time-domain simulation used throughout the
thesis to certify the effectiveness of the proposed controllers. The controllers are
simulated and experimentally tested under different operating conditions to examine the

impact of the proposed scheme on the power system stability.

1.4 Thesis Contribution

To solve the problem described in the previous section, the thesis introduces a novel approach to

design a STATCOM based stabilizer controller by making the following contributions:

1. Modeling and simulation of a power system equipped with an optimally designed power
system stabilizer.

2. Integrate the power system model and the STATCOM model.

3. Develop and implement differential evolution algorithm (DE) for STATCOM based
stabilizer controller design.

4. Build the experimental setup using RTDS.

5. Implement the proposed control strategy on RTDS.

6. Validate the simulation results with the experimental ones.



1.5 Thesis Organization

This thesis is organized as follows: in Chapter 2, introduction and basic operating principles of
FACTS devices and mainly STATCOM are introduced with their power oscillation damping
(POD) controller structure.

Chapter 3 concentrates on the power system linear and non-linear models of a SMIB
system model equipped with PSS, and STATCOM.

Chapter 4 presents the proposed approaches which are used in the controllers design
process. These approaches or tools are differential evolution algorithm, controllability
measurement using singular value decomposition (SVD) and modal analysis. Furthermore, the
problem formulation is outlined in this chapter.

The eigenvalue analysis and nonlinear simulation of a SMIB equipped with STATCOM
are presented in chapter 5.

Chapter 6 demonstrates the RTDS experimental implementation, whereas the results for

proposed approach are in Chapter7. Conclusions and future work are discussed in chapter 8.



CHAPTER 2 Literature Review

This chapter presents a comprehensive literature research on PSS and FACTS devices. its
modeling, applications and their ability to damp low frequency oscillations are demonstrated.
Furthermore, the approaches which are used to control these devices are illustrated and a brief

comparison between their performance and characteristics are verified.

2.1 Power System Stabilizer (PSS)

Large electric power systems are complex nonlinear systems and often exhibit low frequency
electromechanical oscillations due to insufficient damping caused by adverse operating. These
oscillations with small magnitude and low frequency often persist for long periods of time and in
some cases they even present limitations on power transfer capability [17].In analyzing and
controlling the power system’s stability, two distinct types of system oscillations are recognized.
One is associated with generators at a generating station swinging with respect to the rest of the
power system. Such oscillations are referred to as “intra-area mode” oscillations. The second
type is associated with swinging of many machines in an area of the system against machines in
other areas. This is referred to as “inter-area mode” oscillations. Power system stabilizers (PSS)
are used to generate supplementary control signals for the excitation system in order to damp

both types of oscillations.

PSS was proposed in the 1950's to damp low-frequency oscillations. It is known now as the
conventional PSS (CPSS) and it is based on the linear model of the power system at some

operating point. It typically consists of a reset block and a phase compensator, usually a lead-lag



block. The reset block is designed as a high pass filter so that the PSS is functional only if the

input signal has a transient change.

The desired damping ratio can be achieved by tuning this compensator's phase and gain based on
a linearized model of the power system [18][19]. Rotor speed is often used as an input signal for
PSS. As the rotor speed deviates from its synchronous speed, PSS introduces a damping

electrical torque in this rotor to offset this change[20].

CPSS works well if the system is operating within a certain range of operating conditions.
However, power systems operate over a wide range and random load variations affect their
performance. Therefore, CPSS parameters need to be retuned manually to different values at

different operating conditions.

An adaptive PSS, anticipated in [21] simplifies tuning procedure using a self-optimizing pole
shifting control strategy. Gain-scheduled control is used to set PSS parameters at a number of
operating points and then interpolate these parameters between the operating points. PSS
parameters were also optimized using intelligent techniques such as genetic algorithm[22],
evolutionary programming [23], simulated annealing [24] and particle swarm optimization [25].
These optimization techniques are model-based since they need the power system mathematical
model. Frequency-domain analysis, such as eigenvalue analysis, is usually used in the case of
linearized systems. A nonlinear approach based on synergetic control theory was presented in
[26] to design PSS. It uses simplified nonlinear model of the power system to decrease

computation time.

Kundur et al. in [27] have presented a comprehensive analysis of the effects of the different
CPSS parameters on the overall dynamic performance of the power system. It is shown that the

appropriate selection of CPSS parameters results in satisfactory performance during system
8



upsets. In addition, Gibbard [28] demonstrated that the CPSS provide satisfactory damping
performance over a wide range of system loading conditions. Robust design of CPSSs in multi
machine power systems using genetic algorithm is presented in [29] where several loading
conditions are considered in the design process. Although PSSs provide supplementary feedback
stabilizing signals, they suffer a drawback of being liable to cause great variations in the voltage

profile and they may even result in leading power factor operation under severe disturbances.

DeMello and Concordia in 1969 [30] presented the concepts of synchronous machine stability as
affected by excitation control. They established an understanding of the stabilizing requirements
for static excitation systems. Their work developed insights into effects of excitation systems and
requirement of supplementary stabilizing action for such systems based on the concept of

damping and synchronizing torques.

Klein et al. in [31][32] presented the simulation studies into the effects of stabilizers on inter-
area and local modes of oscillations in interconnected power systems. It was shown that the PSS
location and the voltage characteristics of the system loads are significant factor in the ability of
a PSS to increase the damping of inter-area oscillations. Nowadays, the conventional lead-lag

power system stabilizer is widely used by the power system utility [33].

Other types of PSS such as proportional-integral power system stabilizer (PI1-PSS) and
proportional-integral-derivative power system stabilizer (PID-PSS) have also been proposed

[34][35].

Although, power system stabilizers have been extensively used to increase the system damping
for low frequency oscillations. However, there have been problems experienced with PSS over
the years of operation. Some of these were due to the limited capability of PSS, in damping only

local and not inter-area modes of oscillations. In addition, PSS can cause great variations in the
9



voltage profile under severe disturbances and it may even results in leading power factor
operation and losing system stability [36]. This situation has necessitated a review of the
traditional power system concepts and practices to achieve a larger stability margin, greater

operating flexibility, and better utilization of existing power systems.

10



2.2 FACTS Devices

Series capacitor, shunt capacitor, and phase shifter are different approaches to increase the power
system load ability. In past decades, all these devices were controlled mechanically and were,
therefore, relatively slow. They are very useful in a steady state operation of power systems but
from a dynamical point of view, their time response is too slow to effectively damp transient
oscillations. If mechanically controlled systems were made to respond faster, power system
security would be significantly improved, allowing the full utilization of system capability while
maintaining adequate levels of stability. This concept and advances in the field of power
electronics led to a new approach introduced by the Electric Power Research Institute (EPRI) in
the late 1980. Called Flexible AC Transmission Systems or simply FACTS. Generally, the main
objectives of FACTS are to increase the useable transmission capacity of lines and control power

flow over designated transmission routes[37].

Hingorani and Gyugyi [37] and Hingorani [38][39] proposed the concept of FACTS. Edris in
[40] proposed terms and definitions for different FACTS controllers. Flexible AC Transmission
System (FACTYS) is an alternating current transmission system incorporating power electronic-
based and other static controllers to enhance controllability and increase power transfer
capability [37]. FACTS devices have become very important applications of power electronics in
controlling power flow by controlling any of the AC transmission system parameters, that are

voltage magnitude, phase and load impedance [41].

FACTS devices were the solution to the difficulties arising with the geographically irregular
growing power demand. FACTS met the transmission system requirement to use the existing
power facilities without decreasing system availability and security. In addition, the use of

FACTS provides voltage support to prevent voltage collapses when the electricity network is
11



under heavy loading. The main objectives of FACTS are to increase transmission capacity of
lines and to control the power flow over chosen transmission routes [42]. As supplementary
functions, damping the inter-area modes and enhancing power system stability using FACTS
controllers have been extensively studied and investigated. Generally, it is not cost-effective to

install FACTS devices for the sole purpose of power system stability enhancement.

A FACT offers the possibility of meeting many recent power demands. FACTS devices are
routinely employed in order to enhance the power transfer capability of the otherwise under-
utilized parts of the interconnected network [43]. To install FACTS devices in realistic system, it
IS necessary to study the power network to choose the best locations for them for power stability

improvement and voltage regulation during dynamic disturbances [44].

There are two generations for realization of power electronics-based FACTS controllers: the first
generation employs conventional thyristor-switched capacitors and reactors, and quadrature tap-
changing transformers, the second generation employs gate turn-off (GTO) thyristor-switched
converters as voltage source converters (VSC). The first generation has resulted in the Static Var
Compensator (SVC), the Thyristor- Controlled Series Capacitor (TCSC), and the Thyristor-
Controlled Phase Shifter (TCPS) [45]. The second generation has produced the Static
Synchronous Compensator (STATCOM), the Static Synchronous Series Compensator (SSSC),
the Unified Power Flow Controller (UPFC), and the Interline Power Flow Controller (IPFC)
[46]. The two groups of FACTS controllers have distinctly different operating and performance

characteristics.

12



FACTS
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(Shunt)
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(Series)

UPFC
(Series/Shunt)

Fig. 2-1 Classification of flexible AC transmission system (FACTS).
2.2.1 First Generation FACTS Devices

Developments in the field of high voltage power electronics have made possible the practical
realization of FACTS controllers. By the 1970s, the voltage and current rating of Thyristor had
been increased significantly making them suitable for applications in high voltage power systems
[38][47]. This made construction of modern Static Var Compensators (SVC), Thyristor
Controlled/Switched Series Capacitors (TCSC/TSSC), and Thyristor Controlled Phase Shifter
Regulators (TCPS). A fundamental feature of the thyristor based switching controllers is that the
speed of response of passive power system components such as a capacitor or a reactor is
enhanced, but their compensation capacity is still solely determined by the size of the reactive

component.

2.2.1. (a) Static Var Compensator (SVC)

Hammad [48] presented a fundamental analysis of the application of SVC for enhancing the
power systems stability. Then, the low frequency oscillation damping enhancement via SVC has
been analyzed [49][50]. It is shown that the SVC enhances the system damping of local as well
as inter area oscillation modes. Self-tuning and model reference adaptive stabilizers for SVC
control have been also proposed and designed [51][52]. Robust SVC controllers based on Heo,

structured singular value p, and quantitative feedback theory QFT has been presented to enhance

13



system damping [53][54]. However, the importance and difficulties in the selection of weighting
functions of Hoo optimization problem have been reported. In addition, the additive and/or
multiplicative uncertainty representation cannot treat situations where a nominal stable system

becomes unstable after being perturbed [55].

Moreover, the pole-zero cancellation phenomenon associated with this approach produces closed
loop poles whose damping is directly dependent on the open loop system (nominal system) [56].
Genetic algorithms and fuzzy logic based approaches have been proposed for SVC control
[57][58][52][59][60][61][62][63]. The superiority of these approaches over the conventional

methods is confirmed through time domain simulations.

Messina and Barocio [64] studied the nonlinear modal interaction in stressed power systems with
multiple SVC voltage support. It was observed that SVC controls can significantly influence
nonlinear system behavior especially under high-stress operating conditions and increased SVC

gains.

Wang and Swift [65] developed a novel unified Phillips-Heffron model for a power system
equipped with a SVC, a TCSC and a TCPS. Several approaches based on modern control theory
have been applied to TCSC controller design [66][67][68][69][70][71][72][73][74]. Chen at al.

[68] presented a state feedback controller for TCSC by using a pole placement technique.

Chang and Chow [69] developed a time optimal control strategy for the TCSC where a
performance index of time was minimized. A fuzzy logic controller for a TCSC was proposed in
[70]. Heuristic optimization techniques have been implemented to search for the optimum TCSC

based stabilizer parameters for the purpose of enhancing SMIB system stability [71][72][73].

14



In addition, different control scheme for a TCSC were proposed such as variable structure
controller [74], bilinear generalized predictive controller [75], and Hoo-based controller [76]. A

considerable attention has been directed to realization of various TCPS schemes [77].

Baker et al. [78] developed a control algorithm for SPS using stochastic optimal control theory.
Edris [79] proposed a simple control algorithm based on equal area criterion. Furthermore, Jiang
et al. [80] proposed an SPS control technique based on nonlinear variable structure control
theory. In the literature, SVCs have been applied successfully to improve the transient stability of

a synchronous machine [81].

Wang and Swift [50] used damping torque coefficients approach to investigate the SVC damping
control of a SMIB system on the basis of Phillips-Heffron model. It was shown that the SVC
damping control provides the power system with negative damping when it operates at a lower
load condition than the dead point, the point at which SVC control produces zero damping effect.
Robust SVC controllers based on Hoo, structured singular value p, and quantitative feedback

theory QFT also have been presented to enhance system damping [49][82][50][83][84].

M. Noroozian et al. [85][86][87] examined the enhancement of multi-machine power system
stability by use TCSCs and SVCs. SVC was found to be more effective for controlling power
swings at higher levels of power transfer; when it design to damp the inter-area modes, it might
excite the local modes, and its damping effect dependent on load characteristics. While TCSC is
not sensitive to the load characteristic and when it is designed to damp the inter-area modes, it

does not excite the local modes.
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Fig. 2-2 SVC Configuration.
2.2.1. (b) Thyristor-Controlled Series Capacitor (TCSC)
Thyristor-Controlled Series Compensator (TCSC) is a line impedance controller. It can be used
to damp oscillations. It uses thyristor-switched capacitors or a fixed capacitor with a parallel
thyristor-controlled reactor as shown in Fig. 2-3. In the first case, the number of series capacitor
banks is varied by turning their thyristor switches on and off to obtain the degree of series
compensation needed. In the second case, the current in the reactor is adjusted to reach the
desired degree of series compensation. TCSC can be very effective in preventing loop flows of

power.

Firing Angle
Control

o

AN Transmission line

Fig. 2-3 Transmission line with a TCSC Configuration.
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Chen et al. [68] presented a state feedback controller for TCSC by using a pole placement
technique. However, the controller requires all system states which reduces its applicability.
Chang and Chow [69] developed a time optimal control strategy for the TCSC where a

performance index of time was minimized.

A fuzzy logic controller for a TCSC was proposed in [70]. The impedance of the TCSC was
adjusted based on machine rotor angle and the magnitude of the speed deviation. In addition,
different control schemes for a TCSC were proposed such as variable structure controller
[74][88], bilinear generalized predictive controller [75], and Heo-based controller [76]. The
neural networks [89] have been proposed for TCSC-based stabilizer design. The parameters of
the stabilizers are determined by genetic algorithm (GA) [90]. The damping characteristics of the
designed stabilizers have been demonstrated through simulation results on a multi-machine

power system.

Wang et al.[71] presented a robust nonlinear coordinated control approach to excitation and
TCSC for transient stability enhancement. The excitation controller and TCSC controller have
been designed separately using a direct feedback linearization technique. Lee and Moon [91]
presented a hybrid linearization method in which the algebraic and the numerical linearization

technique were combined.

Sidhartha Panda [92] presented the modeling and optimizing the parameters for a TCSC
controller for transient stability improvement of a multi-machine power system. First, the
location of the TCSC controller is obtained from the point of view of transient stability
improvement. Then, a simple transfer function model of TCSC controller for stability
improvement is developed and the parameters of the proposed controller are optimally tuned.
The minimization of the rotor angle deviation following a severe disturbance is formulated as an

17



optimization problem and the optimal TCSC controller parameters are obtained by means of
genetic algorithm. The performance of the TCSC controller is tested over a 3-machins 9-bus
power system, for the most severe situation in terms of critical fault clearing time. Nonlinear
simulation results show the effectiveness of TCSC controller in enhancing the critical fault

clearing time of the system and damping power system oscillations.

2.2.1. (c) Thyristor-Controlled Phase Shifter (TCPS)

The basic function of a phase shifter is to provide means to control the power flow in a
transmission line. This can be accomplished by modifying the voltage phase angle by inserting a
variable quadrature voltage in series with the transmission line. The phase of the output voltage
can be varied relative to that of the input voltage by simply varying the magnitude of the series

quadrature voltage. The structure of a thyristor controlled phase shifter is shown in Fig. 2-4.

AC System

i

lawiiojsuel] salas

Shunt Transformer E Converter

Fig. 2-4 Schematic diagram of TCPS.

A considerable attention has been directed to realization of various TCPS schemes [93][94].

However, a relatively little work in TCPS control aspects has been reported in the literature.

18



Baker et al. [78] developed a control algorithm for TCPS using stochastic optimal control theory.

Edris [79] proposed a simple control algorithm based on the equal area criterion.

Jiang et al. [80] proposed a TCPS control technique based on nonlinear variable structure control
theory. In their control scheme the phase shift angle is determined as a nonlinear function of
rotor angle and speed. However, in real-life power system with a large number of generators, the
rotor angle of a single generator measured with respect to the system reference will not be very
meaningful. Tan and Wang [81] proposed a direct feedback linearization technique to linearize

and decouple the power system model to design the excitation and TCPS controllers.
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2.2.2 Second Generation FACTS Devices:

2.2.2. (a) STATIic synchronous COMpensator (STATCOM)

STATCOM is a shunt-connected FACTS controller, which can be utilized to control the voltage
at the point of connection [95][96][97]. It senses the AC system terminal voltage and compensate
for the voltage difference across the coupling transformer connecting it to the AC system by
exchanging active and reactive power. If the output voltage is greater than the AC voltage, it
supplies power to the AC system and if the output voltage is less than the AC voltage, it absorbs
power from the AC system. Besides controlling the voltage, the function of the STATCOM can

be extended to include damping of low power system electromechanical oscillations.

Wang H.F developed the linearized Phillips-Heffron models of a single-machine and multi-
machine power systems with STATCOM to design a STATCOM stabilizer to improve the power
system oscillation stability. The influence of the DC and AC voltage controllers of the
STATCOM on electromechanical oscillations damping in power systems has been investigated
also by Wang H.F. in 2000 [98][99]. It has been shown that the DC and AC voltage controllers
have a negative effect on the damping torque. The tuning and the performance evaluation of a
damping controller for the STATCOM have been presented by Padiyar and Swayam in 2003
[100].

A detailed eigenvalue analysis of a four-machine power system has been performed to study the
effectiveness of the developed control law and the location of the damping controller. In (Wang
2003) [101].

A study case of negative interactions between STATCOM AC and DC voltage control has been

reported. It has been shown that multiple control functions of the STATCOM have to be
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implemented by a single multivariable controller. A damping controller design for the
STATCOM with multiple operating points has been proposed [102].

A two-step based LMI (Linear Matrix Inequalities) approach for output feedback damping
control design for the system with multiple operating points has been presented for single
machine and multi-machine power systems. A nonlinear programming model has been
developed to coordinate the design of the power system stabilizer and the STATCOM damping
controller [103].

The study has been performed using eigenvalue analysis and non-linear simulation of 10-
generator New England test power system. An optimal neurofuzzy controller for the STATCOM
has been designed to improve the transient stability of a 12-bus power system [104]. A heuristic
dynamic programming-based approach has been utilized to train the controller and allow it to
provide nonlinear optimal control at various operating conditions of the 12-bus power system.
The optimal location of the STATCOM in a four-machine power system and its coordinated
design with power system stabilizers for power system stability improvement has been studied
by Panda and Narayana in 2008 [105]. The location of the STATCOM has been formulated as an
optimization problem to improve transient stability and particle swarm optimization has been
used to search for its optimal location. In addition, the optimal parameters of the STATCOM
have been determined.

The building block for STATCOM is a six-pulse voltage-sourced DC to AC inverter (VSI). The
output voltage waveforms of this block have high harmonic contents. To reduce these harmonics,
a number of six-pulse VSI’s are combined to generate a balanced three-phase voltage whose
amplitude and phase are controllable by power electronic devices such as Gate Turn-Off (GTO)

thyristor and Integrated Gate-Commutated Thyristor (IGCT) .
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STATCOM can be used to obtain desired reactive power compensation and regulate the bus
voltage. It can dramatically increase the stability of electric power grid and decrease disturbance
to the rest of the electric power grid [46]. Regulating the reactive and active power transferred by
STATCOM to the network controls the power flow in the line and the DC link voltage inside
STATCOM. Compared to the old style reactive power support methods using capacitor banks
and thyristors, STATCOM can offer much higher dynamic performance. These benefits are well-
recognized [106].

Compared to SVC and other conventional reactive power compensators, STATCOM has several
advantages. STATCOM has a dynamic performance far exceeding the other var compensators.
The overall system response time of STATCOM can reach 10 ms and sometimes less than that.
STATCOM can maintain full capacitive output current even at low system voltage. Thus, it is
more effective than SVC in improving transient stability. Also, STATCOM has a smaller
installation space, about half of that for SVC . STATCOM controllers are generally Pulse Width
Modulated (PWM) controllers that are used to control the output voltage of STATCOM to
supply or absorb reactive power [107].

A genetic algorithm technique was used to design STATCOM controllers. Other intelligent

techniques were also used, such as particle swarm optimization in and fuzzy logic in [107].
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2.2.2. (b) Static Synchronous Series Compensator (SSSC)

Static Synchronous Series Compensator (SSSC) is a series connected line impedance controller
composed of voltage source inverter coupled with a transformer. It can vary the effective
reactance of the transmission line by injecting a variable-magnitude voltage in series with it.
Hence, it inserts more inductive or capacitive reactance to increase or decrease the effective

reactance of the line to obtain the required level of compensation [108].

AC System
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Fig. 2-5 Schematic diagram of SSSC.
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2.2.2. (c) Unified Power Flow Controller (UPFC)

Unified Power Flow Controller (UPFC), a multifunctional Flexible AC Transmission system
(FACTS) Controller opens up new opportunities for controlling power and enhancing the usable
capacity of present, as well as new and upgraded lines. A UPFC supplementary damping
controller has been presented in the UPFC control system for damping the electromechanical
mode oscillations[109].

UPFC can control voltage magnitude, phase and line impedance, damp power system oscillations
and improve transient stability [110]. It can be looked at as a combination of shunt STATCOM
and series SSSC operated from a common DC storage capacitor. This allows it to independently
exchange both active and reactive power. As shown in Fig. 2-6 UPFC functions like a shunt
compensator, series compensator and phase shifter and can maintain controllable active and
reactive power in the transmission line to adapt almost instantaneously to load demands and

system operating conditions [109].
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Fig. 2-6 Schematic diagram of UPFC.
In [111][112] systematic designs of four alternative UPFC damping controllers are presented.

However, these UPFC damping controller gains are designed on the basis of nominal operating
conditions and remain independent of system operating conditions and line loadings. Also the
controller gains and hence the control structure is different for the various choices of UPFC
control signals. Since damping of low frequency oscillations may be one of the secondary
functions of the multifunctional UPFC based on its other major control assignments, the widely
varying control structure with respect to the choice of control signals makes the real time
implementation inflexible.

In[112] developed adaptive fuzzy inference system (ANFIS) based UPFC supplementary
damping controller to superimpose the damping function on the control signal of UPFC for
damping of power system electromechanical oscillations [113].

The adaptive fuzzy controller is obtained by embedding the fuzzy inference system into the
framework of adaptive networks. The proposed ANFIS based damping controller performance is

examined for the four choices of UPFC control signals based on modulating index and voltage
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phase angle of UPFC series and shunt converters by simulations on a linearised Philips-Hefron
model of a power system with UPFC [114].

The effectiveness of this controller is supported by the results observed in simulations, which
show the ability of the controller in damping oscillations over a wide range of loading conditions
and system parameters with the four choices of alternative UPFC control signals when compared
to constant gain damping controllers designed using phase compensation technique at selected
operating point. Integrating this approach to a multi-machine power system and through non-
linear simulation the robustness of the proposed controller is validated [115].

Fawzi A [116] presented the damping torque and synchronizing torque contributed by
STATCOM, based on Pulse Width Modulation (PWM), in radial power system considering two
different damping schemes: (1) the traditional damping scheme; and (2) a proposed damping
scheme. Eigenvalue analysis is used to study the influence of the parameters of the Proportional
and Integral (PI) of the DC voltage controller and AC voltage controller, real power, and reactive
power as well as the damping controller gain of the STATCOM on the damping torque and
synchronizing torque. Using a method developed in the literature, which depends on the time
responses of the rotor speed, rotor angle and electrical torque, the damping torque and
synchronizing torque coefficients are estimated and compared for different loading conditions
and control parameters of STATCOM to confirm the results obtained from the eigenvalue
analysis. Non-linear simulations of the STATCOM compensated radial power system using
PSCAD are performed to validate the outcomes from the eigenvalue analysis and estimation of
damping torque and synchronizing torque coefficients.

Kanojia and Chandrakar [117] designed a power system installed with a STATCOM and
demonstrates the application of the linearised Phillips-heffron model in analyzing the damping

effect of the STATCOM to improve power system oscillation stability. The proposed Pl
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controller is designed to coordinate two control inputs: Voltage of the injection bus and capacitor
voltage of the STATCOM, to improve the Dynamic stability of a SMIB system .The power
oscillations damping (POD) control and power system stabilizer (PSS) and their coordinated
action with proposed controllers are tested. The simulation result shows that the proposed
damping controllers provide satisfactory performance in terms of improvements of dynamic
stability of the system.

Kazuhiro Kobayashi et al. [14] proposes a linearized block diagram of a power system with an
energy storage type STATCOM (ESTATCOM) and the control schemes for the ESTATCOM.
The ESTATCOM, which controls both reactive and active power injection/ absorption, has a
more significant effect on the oscillation damping compared to that controlling only the reactive
power injection/absorption. From the active and reactive power responses of the compensator to
oscillations for an ESTATCOM, it was found that the necessary energy storage capacity to
improve the power swing damping is not so large, thus the additional cost for the energy storage

system is expected to be small.

2.3 STATCOM Modeling for Stability Studies

Since the first STATCOM installation, there is an ever growing interest in STATCOM modeling

due to its many advantages over conventional SVC controllers. In

Table 1 where a partial list of a utility scaled STATCOM it is clearly shown that there are several

purposed motivated the utilities to install it and the rating of it is getting increased rapidly.
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Table 1 Partial list of a utility scaled STATCOM [15].

SN Year MVAR KV Purpose Place

1 1991 +80 154 Power System Inumaya, Japan
stabilization

2 1992 +50 500 Reactive power Nagona, Japan

compensation

3 1995 +100 161 Voltage Tennessee, USA
Regulation

4 2001 +225 400 Reactive power  Winslow, England

compensation
5 2001 +133 115 Reactive power Vermont, USA
compensation

6 2003 +100 138 Reactive power California, USA
compensation
7 2011 +640 500 Reactive power Dongguan, China

compensation

Several distinct models have been proposed to represent STATCOM in static and dynamic
analysis. In[3] STATCOM is modeled as parallel connected current source; where in the
controllable parameter is assumed to be current magnitude. In [4] the author proposes a per unit
STATCOM model; which is suitable for study the performance of STATCOM under unbalanced
distorted system voltage.

In [5] the authors proposed different models for transient stability and steady state stability
analysis of the power system with STATCOM. However, the models were based on the
assumptions that voltages and currents are sinusoidal, balanced and operate near fundamental
frequency, hence could not be applied to systems under the impact of large disturbance that have
voltage and/or current with high harmonic content.

A comparative study is carried out for dynamic operation of different models of STATCOM and
their performance in [6]. In [8] the author proposes a third order dynamic model of the power

system to incorporate STATCOM in the system to study its damping properties.
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2.4 Controlling Design Approaches used in STATCOM

Many different control strategies such as Proportional-Integral (P1) controller, sliding mode
controller [118] and nonlinear controller have been suggested to control STATCOM. Because of
nonlinear operation of STATCOM, nonlinear controller is preferred over linear controller [119].
Moreover, in linear controller, four chosen sets of Pl parameters may not be suitable for all
ranges of operating points and finding these values are very time consuming and complex
[120][121].

In nonlinear controller, the Generalized Averaged Method has been used to determine the
nonlinear time invariant continuous model of the system [122][123][124]. This model has been
used to present a nonlinear control based on exact linearization via feedback for STATCOM
[125]. This method is particularly interesting because it transforms a nonlinear system into a
linear one in terms of its input-output relationship.

In [122][123], only q axis current has been regulated, but it should be noted that unlike other
shunt compensators, large energy storage device that have almost constant DC voltage, makes
STATCOM more robust and it also enhances the response speed. Therefore, there are two
control objectives implemented in STATCOM. First one is g-axes current and the second
objective is capacitor voltage in DC link [126].

The g-axes current tracks its corresponding reference value perfectly, but the capacitor voltage
(VDC) is not fixed on reference ideally because of presence of a Pl controller between the
reference of the d-axes current and VDC error . In other words, the performance indices (settling
time, rise time and over shoot) have notable values. Thus, the optimized and exact determination

of PI controller gains can lead to the reduction in system disturbances.
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N. Farokhnia et al. [127], has presented two well-known optimization methods (e.g., GA
[128][129] and PSO [130][131]) are applied to find optimized values of Pl gains and compare
with each other. The determined PI coefficients are implemented in the controller to demonstrate
the improvement of the convergence speed, reduction of error, the overshoot in the capacitor
voltage and other circuit parameters. The results are compared with trial and error method, too.
Previous researches present the establishment of the linearized Phillips— Heffron model of a
power system installed with a STATCOM. It has not presented a systematic State Feedback
Controller Design for a STATCOM using Quantum Particle Swarm Optimization Algorithm
approach for designing the damping controllers. Further, no effort seems to have been made to
identify the most suitable STATCOM control parameter, in order to arrive at a robust damping
controller.

Intelligent controllers have the potential to overcome the above mentioned problems. Fuzzy-
logic based controllers have, for example, been used for controlling a STATCOM [132]. The
performance of such controllers can further be improved by adaptively updating their
parameters. Also, although using the robust control methods [133], the uncertainties are directly
introduced to the synthesis, but due to the large model order of power systems the order resulting
controller will be very large in general, which is not feasible because of the computational
economical difficulties in implementing. M.A. Abido in [134] introduces a special analysis and
assessment of STATCOM-based damping stabilizers using real-coded genetic algorithm
(RCGA) and presents a singular value decomposition (SVD)-based approach to assess and
measure the controllability of the poorly damped electromechanical modes by STATCOM
different control channels. In [135] the authors prove that effectiveness of using the coordination

design between the PSS and the STATCOM in improving the dynamic of the system and

30



enhancing the damping of the low frequency oscillations, a PI controllers were used for AC

voltage regulator, their controllers' parameters were optimized using RCGA.

The PSO approach, first introduced by Kennedy and Eberhart in 1995, is a population based
stochastic algorithm [136]. Recently, the PSO technique is used for optimal tuning of the
STATCOM based state feedback damping controller [137]. The PSO is a novel population based
meta-heuristic, which utilize the swarm intelligence generated by the cooperation and
competition between the particle in a swarm and has emerged as a useful tool for engineering
optimization [138][139][140][141][142]. However, the main disadvantage is that the classical
PSO algorithm is not guaranteed to be global convergent. In order to overcome this drawback
and improve optimization synthesis developed a QPSO technique for optimal tuning of
STATCOM based state feedback damping controller for enhancing of power systems low
frequency oscillations damping [143].

In [143] author presented a design and evaluation of a state feedback controller for STATCOM
installed in a single-machine infinite-bus power system (SMIB). The design problem of state
feedback damping controller is formulated as an optimization problem according with the time
domain based objective function which is solved by a Quantum Particle Swarm Optimization
(QPSO) technique that has fewer parameters and stronger search capability than the classical
particle swarm optimization (CPSO), as well as is easy to implement.

The effectiveness of the proposed controller is demonstrated through nonlinear time-domain
simulation studies. The results analysis reveals that the designed QPSO based STATCOM
damping controller has an excellent capability in damping low frequency oscillations in

comparison with designed classical PSO based STATCOM controllers [143].
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CHAPTER 3 Power System Model

3.1 Generator

The generator is equipped with a PSS and the system has a STATCOM installed somewhere at
point m in transmission line as shown in Fig. 3-1. The generator has a local load of admittance
Y, =0+]b and the transmission line has impedances of Z,=R,+ X, and Z,=R,+ jX, for
the first and the second sections respectively. The generator is represented by the third-order

model comprising of the electromechanical swing equation and the generator internal voltage

equation.

O~

DC

Fig. 3-1 Single machine infinite bus system with a STATCOM.
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The swing equation is divided into the following equations

=P —P —D(@-1)/M (2

where, P, and P. are the input and output powers of the generator respectively; M and D are the
inertia constant and damping coefficient respectively; 6 and o are the rotor angle and speed
respectively. The output power of the generator can be expressed in terms of the d-axis and g-

axis components of the armature current, i, and terminal voltage, v, as

P, =Vyly +V,l,

©)

The internal voltage, E(; , equation is

E(; =(Eqy = (Xg = Xy)ig _Efla)/leo (4)

Here, E, is the field voltage; leo is the open circuit field time constant; X; and X(;, are the d-axis

reactance and the d-axis transient reactance of the generator respectively.

3.2 Exciter and PSS

The IEEE Type-ST1 excitation system shown in Fig. 3-2 is considered in this work. It can be

described as

Efd :(KA(VrEf _V+UPSS)_Efd)/TA (5)

where, K, and T, are the gain and time constant of the excitation system respectively; v ™ is

the reference voltage. As explained in Fig. 3-2, a conventional lead-lag PSS is installed in the

feedback loop to generate a stabilizing signal Uy . The terminal voltage V can be expressed as:
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v=(vs +vi)Y?

(6)
Vg =xqiq (7)
V, = B — X4 @®)

where Xq Is the g-axis reactance of the generator.

E Ein
ST 1+sT 1+5sT
KPSS w 1PSS 3PSS — Aa)
14T, )\ 1+ST,pss )\ 14T pgs

T Lead-Lag PSS

Fig. 3-2 IEEE Type-ST1 excitation system with a Lead-Lag PSS.

3.3 STATCOM -Based Stabilizers

As shown in Fig. 3-1, the STATCOM is connected to the transmission line through a step-down
transformer with a leakage reactance of xt. The STATCOM consists of a three-phase gate turn-
off (GTO) — based voltage source converter (VSC) and a DC capacitor. The VSC generates a

controllable AC voltage Vs given by

Vs :CVDCZ¢ 9)

where C = mk, m is the modulation ratio defined by pulse width modulation (PWM), k is the

ratio between the AC and DC voltage depending on the converter structure, VDC is the DC
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voltage, and ¢ is the phase defined by PWM. The magnitude and the phase of Vscan be
controlled through m and ¢ respectively. By adjusting the STATCOM AC voltage Vs, the active
and reactive power exchange between the STATCOM and the power system can be controlled
through the difference between Vs and the STATCOM-bus voltage Vm . The DC voltage V ¢ is

governed by:

Voe =2 =C£(iSd COS ¢+, sin )
DC DC (10)

where CDC is the DC capacitor value and IDC is the capacitor current while i, and isq are the

sd

d and g components of the STATCOM current is respectively.
Fig. 3-3 illustrates the block diagram of STATCOM AC voltage PI controller with a lead-lag

compensator while Fig. 3-4 illustrates the block diagram of STATCOM DC voltage PI controller

with a lead-lag compensator. The proportional and integral gains are KP,., Kl,.and KP,,
Kl o for AC and DC voltages respectively. The STATCOM damping controllers are lead-lag
structure where K¢ and K¢ are the AC and DC voltage controller gains respectively, Ty is the

washout time constant, and Ty , Toe, Tac, Tuc, Ty, Ty, Ty, and T4, are the controller time

constants.
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min
uVAC

KC STW 1+ STlC 1+ ST3C |nput
1+sT, \1+sT,c )\ 1+5sT,; Signal

u;n(i:n Lead-Lag Damping Controller

Fig. 3-3 STATCOM PI controller for AC voltage with a lead-lag damping controller.

max
uVDC 5

+
KIDC /t KF A +
KPoc +— /| 1+sT, ¢

min
uVDC

K, ST, 1+58T, | 1+5Ty, Input
1+8T, )\ 1+5T,, )\ 1+sT,, Signal

Lead-Lag Damping Controller

Ag

Fig. 3-4 STATCOM PI controller for DC voltage with a lead-lag damping controller.
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3.4 Linearized power system model

The system which is described in to Fig. 3-1 is linearized as explained in Appendix B, which

yields the following linearized power system model

- .11 0 377 0 0 0 | 0 0 0
M K D K Ko ast o K _Ke
Aw M M M M M M
K K 1 K Aw KqDC Kq¢ Upss
e [t I DY
AEq Tdo Tdo Tdo Tdo AE ‘ ’ Tdo Tdo A¢
M, | | _KaKs g _KaKe 1 KiKe || o) K KaKige KaKy
\} Ta Ta Ta Ta - Ta Ta Ta
| AV | i K, 0 K 0 Koe | | 0 K, KA¢ |
(11)
In short;

[A5, Aw, AE(; 1AEfd AV DC ]T

Here, the state wvector X is and the control vector U is

[Upss , AC, AgT .

3.5 Problem Formulation

3.5.1 Stabilizer Structure

For the PSS and the STATCOM-based damping stabilizers, the commonly used lead-lag

structure shown in Fig. 3-4 is chosen in this study. The transfer function of the stabilizer is

sT, 1+sT, |[ 1+5sT,
u=K y
1+sT, )\ 14T, )\ 1+5sT, (13)

37



where u and y are the stabilizer output and input signals respectively, K is the stabilizer gain, T,
is the washout time constant, T;and, T,, T,, and T,are the stabilizer time constants. In this
structure, Ty, , T,, and T ,are usually pre-specified. The controller gain K and time constants T,

and T ;are to be determined.

For the internal AC and DC voltage controllers of the STATCOM, the PI structure is used as
shown in Fig. 3-3 and Fig. 3-4.

3.5.2 Objective Function

To increase the system damping to the electromechanical model, the objective function J which

is defined in (14) is considered.

J=max{( } (14)

Where ( is the minimum electromechanical mode damping ratio.
This objective function will recognize the minimum value of damping ratio among

electromechanical modes of all loading condition considered in the design practice.

3.5.3 The Constraints

The problem constraints are the stabilizer optimized parameter bounds. Therefore, the design

problem can be formulated as the following optimization problem.

Maximize J (15)
Subject to

KPA"gin <KP,. <KP& (16)
KI o <KI,. <KI® (17)
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KP" <KP.. <KP (18)

KIM <Kl o, <KI (19)
Kpss <Kpss SKpg (20)
KO <K, <KI™ (21)
K" <K, <KJ™ 22)
Tt <T ppes ST (23)
Tapes <Tess <Topes (24)
T A" <T,. <T ™ (25)
T <T,. <T ™ (26)
Ty" <T, <T™ @7)
Ty <T,, <T3™ (28)



CHAPTER 4 Proposed Approach

4.1 Controllability Measure using Singular Value Decomposition (SVD)

To measure the controllability of the electromechanical mode by a given input signal to the
proposed controller, the singular value decomposition (SVD) is engaged in this study.
Mathematically, if G is an mxn complex matrix then there exist unitary matrices W and V with

dimensions of mxm and nxn respectively such that G can be written as

G=WJXVH (29)
where

Z—{Zl 0} z, =diag(oy,.....,0,

10 0] witho,>..20, 20 (30)

where r = min{m,n} and c1,...,or are the singular values of G.

The minimum singular value or represents the distance of the matrix G from the all matrices
with a rank of r—1. This property can be utilized to quantify modal controllability [144]. In this
study, the matrix B in (12) can be written as B = [b1,b2, b3] where bi is the column of matrix B
corresponding to the i-th input. The minimum singular value, omin, of the matrix [A-A:bi]
indicates the capability of the i-th input to control the mode associated with the eigenvalue A. As

a matter of fact, the higher the omin, the higher the controllability of this mode by the input
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considered. Having been identified, the controllability of the electromechanical mode can be
examined with all inputs in order to identify the most effective one to control that mode.

With each input signals of STATCOM-based stabilizer (¢&C ) in the linearized model, the
minimum singular value omin has been estimated to measure the controllability of the
electromechanical mode from that input. The minimum singular value has been predictably
calculated for each STATCOM signal over a wide range of operating conditions. particularly, for
a loading conditions specified by P = [0.05 - 1.0] pu with a step of 0.05 pu and Q =[-0.4 - 0.4]
pu with a step of 0.4 pu, onmin has been estimated at each loading condition in the specified range,
the system model is linearized, the electromechanical mode is identified, and the SVD-based
controllability measure is implemented.

The capabilities of y&C STATCOM signals to control the electromechanical modes over the
specified range of operating conditions are given in Fig. 4-1, Fig. 4-2 & Fig. 4-3.

It can be seen that the controllability of the electromechanical mode with the # and C increases

with loading at lagging and leading power factor and slightly increasing at unity power factor.

However, the controllability of the electromechanical mode with the 9 is higher.
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Fig. 4-1 Minimum singular value with STATCOM stabilizer at Q = -0.4 pu for different input signals "C &Phi".
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Fig. 4-2 Minimum singular value with STATCOM stabilizer at Q = 0 pu for different input signals "C &Phi".
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Fig. 4-3 Minimum singular value with STATCOM stabilizer at Q = +0.4 pu for different input signals "C &Phi".
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4.2 Optimization Technique

4.2.1 Overview

Between 1994 to 1996, Rainer Storn and Kenneth Price introduced an optimization technique
called “Differential Evolution” as a result of their joint work. During his work to solve a problem
called "Chbychev Polynomial fitting problem”, Ken has made an idea to use vector differences
for perturbing the vector population. Then, both worked out this idea and made several
improvements, until the DE was successfully formulated and introduced [145][146][147].

The DE is a population based optimization technique and is characterized by its simplicity,
robustness, few control variables and fast convergence. Being an evolutionary algorithm, the DE

technique is suited for solving non-linear and non-differentiable optimization problems. DE is a

kind of searching technique and requires number (NP) of candidate solutions (X ,: ) to form the

population G', where each solution consists of certain number of parameters X ; depending on
the problem dimension.

I : generation, NP population size

’ “j] n : problem dimension

The main idea in any search technique relies in how to generate a variant (offspring) vector
solution, on which the decision will be made, in order to choose the best (parent or variant). The
strategy applied in this technique is to use the difference between randomly selected vectors to
generate a new solution. For each solution in the original population, a trail solution is generated
by performing process of mutation, recombination and selection operators. The old and new

solutions are compared and the best solutions are emerged in the next generation.
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Initially the DE was developed to solve single objective optimization problem. The DE was
compared against the well known Particle Swarm Optimization technique [148], and the author

has concluded that DE has better performance.

4.2.2 Optimization Procedure in DE For Single Objective Problem

The DE, as in any evolutionary technique, generally performs three steps: initialization, creating

new trail generation and selection.

4.2.3 Initialization
As a preparation for the optimization process, the following requirements should be specified:
e D: problem dimension which defines the number of control variables. Also, the range of
each control element should be defined. This range is required during the process.
Problem equality and inequality constraints, which will determine the feasibility of solutions.
e NP: population size
e Number of iterations
e F : mutation factor.
e CR: Crossover factor, which determine probability for offspring parameters for each
control vector.
The first step in order to perform optimization using DE, is to generate an initial population
composed of NP vectors (solutions). Each vector includes the values of the various control

variables which represent a candidate solution to the problem. This is done by assigning random
values for each parameter of solutionX; , within the range of the corresponding control variable.
X; | = Xj min Trandom#(x; ., —X iI=LNP, j=1D

i,j = 7Vj,min j,min)
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4.2.4 Evaluation and Finding The Best Solution

Once the initial population is formed, the objective value for each vector is calculated and then
compared to get the best solution achieving the optimal objective. This value is stored externally

and updated by comparison with all solutions in every generation.

4.2.5 Mutation

The mutation operation is considered as the first step towards the generation of new solutions. At
this stage, for every solution (individual) in the population in generationi : X i(G) i=1,...NP, a

mutant vector V (G+1i) is generated using one of the following formulas:

VX FX D XD @
V =X K X ) @
V EN=X LR X ) FX X ) @)
VX PR -X D) rF X X 2) @

Where: X &) X & X&) X ) X ©® are randomly selected solution vectors from the current

generation (different from each other and the corresponding , X ;) and X é(;i is the solution

achieving best value. F is a mutation constant and it takes values between 1 and 0. The factor

F plays a role in controlling the speed of convergence.
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4.2.6 Crossover

To further perturb the generated solutions and enhance the diversity, a crossover operation is
applied by the DE. In this step the parameters of the generated mutant vector and its
corresponding vector 1 in the original population are copied to a trial solution according to a
certain crossover factor CR € [1,0]. For each parameter, a random number in the range [1,0] is
generated and compared with CR, and if its value is less than or equal to CR, the parameter value
is taken from the mutant vector, otherwise, it will be taken from the parent. Crossover process is

shown in Fig. 4-4. However, in case CR was defined to be zero, then all the parameters of the

trial vector are copied from the parent vector X ; , except one value (randomly chosen) of the

trial vector is set equal to the corresponding parameter in the mutant vector. On the other hand, if
CR is set equal to one. Then, all parameters will be copied from the mutant vector, except one
value (randomly chosen) of the trial vector is set equal to the corresponding parameter in the
parent vector. The factor ‘CR’ plays a role in controlling the smoothness of the convergence. As
CR becomes very small, it becomes very probable that the trial solutions would have

characteristic of their parent vectors and therefore, slow the convergence.

Parent Vector Trial Vector Mutant Vector

=1 Fmnl ————p

i=2 [ Specify Crossover Factor

N\
i=3% & <
N

\ 4
Generate Random Number
(Rand)

Rand < CR
no

yes

Yo N

i=5 [ T o]

=6 fd ——

A 4

X"ij= Xi

A2

i=7 R \Q —

=== Random # > CR Random # <CR
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Fig. 4-4 Crossover operation procedure.



4.2.7 Selection

The last step toward generation of a new population is to compare the solutions in old population
and their corresponding trial solutions and then select the better one. For this, the objective value
corresponding to each trial solution is calculated and compared with the value of the parent. If

the new solution performed better it replace the parent, otherwise the old solution is retained.

4.2.8 Stopping Criteria

Once, a new generation is produced, the problem updates the global best. The user defined
criteria would also be checked. In most cases a maximum number of iterations is defined and
selected as stopping criteria. In practice, the user can check the results and verify the change and
can determine when to stop.

Fig. 4-5 shows a flow chart summarizing the procedure of DE as explained above.
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Fig. 4-5 Differential Evolution flowchart.
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CHAPTER 5 ANALYSIS, DESIGN AND

SIMULATION RESULTS OF THE

STATCOM-BASED STABILIZER

In this chapter, the STATCOM internal AC and DC PI controllers are simulated in individual
and coordination design with the damping controllers after finding their optimized parameters.
Subsequently, they are tested under three different loading conditions which are nominal loading,

heavy loading and light loading.

5.1 Optimization Results

5.1.1 Nominal Loading Condition (P=1.0, Q=0.015 & V=1.0)

The convergence rate of the objective function J for C-based, ®-based and C&®-coordinated
based at a nominal loading condition are shown in Fig. 5-1. It can be seen that the damping
characteristics of the coordinated design approach is better than those of the individual design
one. The final settings of the optimized parameters for the proposed stabilizers and the System's
eigenvalues of nominal loading condition, for C -based and @ -based stabilizers, individual and

coordinated design are given in

Table 2 and Table 3 respectively.
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Fig. 5-1 Convergence of objective function in nominal loading condition for different controllers approaches.

Table 2 Optimal Parameter Settings of C-Based & ®-Based for Individual and Coordinated Design at Nominal

Loading
Individual Coordinated
C-based ®d-based C-based ®-based
Controller Controller Controller Controller

Controller gain- K 94.4884 95.2861 97.7017 17.1744
T1 0.9954 0.9917 0.7657 0.1000
T2 0.7198 0.8612 0.5954 0.5177
T3 0.5777 0.1195 0.7896 0.1072
T4 0.3817 0.6266 0.4946 0.5632

KDCP 5.8488 1.9911 5.2617

KDCI 16.0402 4.0771 11.0592
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Table 3 System's eigenvalues of nominal loading condition, for C -based and ® -based stabilizers, individual and
coordinated design

C-based controller ®-based controller Coordinated [C & ®]-
based Controllers

-98.9998 -99.0730 -99.0719
-31.6478 -12.6985 +11.2705i -12.2147 £11.1985i
-27.2783 -7.9670 £7.0691i -7.2431 +6.5577i
-5.4949 +£15.2798i -4.8065 + 4.2632i -5.6562 £3.8744i
-1.2166 +3.6599i -3.4536 -4.1559
-3.8965 -0.1997 -1.3388
-2.0854 -1.5577 -1.0043 +0.0257i
-0.1994 -1.2195 -1.0941
-1.2298 -0.1997
-0.2000
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5.1.2 Heavy Loading Condition (P=1.2, Q=0.4 & V=1.0.5)

The convergence rate of the objective function J for C-based, ®-based and C&®-coordinated
based at a heavy loading condition are shown in Fig. 5-2. It can be seen that the damping
characteristics of the coordinated design approach is better than those of the individual design
one. The final settings of the optimized parameters for the proposed stabilizers and the System's
eigenvalues of nominal loading condition, for C -based and @ -based stabilizers, individual and

coordinated design are given in Table 4 and Table 5 respectively.
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Fig. 5-2 Convergence of objective function in heavy loading condition for different controllers approaches.
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Table 4 Optimal Parameter Settings of C-Based & ®-Based for Individual and Coordinated Design at Heavy

Loading.
Individual Coordinated
C-based ®d-based C-based ®d-based
Controller Controller Controller Controller

Controller gain- K 100 83.3722 98.8228 1.5806
T, 0.9991 0.7935 0.7774 0.9109
T, 0.8771 0.5892 0.5399 0.9552
T3 0.7110 0.1000 0.9968 0.1000
T, 0.4837 0.5850 0.8356 0.8872

KDCP 4.6442 2.0252 4.3950

KDCI 2.8844 0.1265 2.5610

Table 5 System eigenvalues of heavy loading condition, for C -based and ® -based stabilizers, individual and

coordinated design.

C-based controller

®-based controller

Coordinated [C & D]-
based Controllers

-98.9732
-31.9343
-6.1218 +£7.9256i
-3.7538 +£5.1509i
-0.9896 +1.3578i
-0.1999
-1.5033 £0.3920i

-99.0323

-15.5160 £12.3508i

-5.9120 +4.6577i
-5.1442 +4.0595i
-0.2011
-0.6147
-1.5226
-1.1304

-99.0332
-15.6088 £12.3051i
-5.7201 +4.1109i
-5.1919 +4.0699i
-0.5899
-1.4309
-1.0491
-1.1859
-1.1291
-0.2011
-0.2000
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5.1.3 Light Loading Condition (P=0.4, Q=0.015 & V=1.0)

The convergence rate of the objective function J for C-based, ®-based and C&®-coordinated
based at a light loading condition are shown in Fig. 5-3. It can be seen that the damping
characteristics of the coordinated design approach is better than those of the individual design
one. The final settings of the optimized parameters for the proposed stabilizers and the System's

eigenvalues of nominal loading condition, for C -based and @ -based stabilizers, individual and

coordinated design are given in Table 6 and Table 7 respectively.
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Table 6 Optimal parameter settings of C-based & ®-based for individual and coordinated design at light loading.

Individual Coordinated
C-based ®-based C-based ®-based
Controller Controller Controller Controller
Controller gain- K 100 91.1758 99.8172 75.8782
Ty 0.9710 0.1245 1 0.1000
T, 0.4195 0.4698 0.6661 0.9578
T3 0.9689 0.9621 0.6671 0.1000
Ta 0.5138 0.7981 0.2592 0.3438
KDCP 6.2548 1.3571 5.1056
KDCI 28.1797 0.1000 20.8230

Table 7 System eigenvalues of light loading condition, for C -based and ® -based stabilizers, individual and

coordinated design.

C-based controller

®-based controller

Coordinated [C & D]-
based Controllers

-98.8594 -98.9305

-31.6016 -18.1708
-6.3921 -7.9454 +£8.8237i
-3.9554 +4.2222i -6.0583 £6.7281i
-3.6598 +3.9067i -4.1089 +4.5630i

-0.2002 -0.1999
-0.9157 +0.4815i -1.4796 +0.1620i

-1.4226

-98.9230
-21.1216
-5.8665 +8.3214i
-4.8252 +6.8436i
-6.5302 £2.5127i
-2.7994
-1.2397 +0.2023i
-1.5008
-0.1992
-0.2000
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5.2 Simulation Results

5.2.1 Nominal Loading

The single machine infinite bus system shown in Fig. 3-1 is considered for nonlinear simulation

studies.

A 6-cycle 3-® fault on the STATCOM bus was created, at all loading conditions, to study the
performance of the proposed controllers.

Figures (Fig. 5-4 - Fig. 5-11) show the angle deviation, speed deviation, DC voltage, VSC angle,
VSC magnitude, electrical power, generator terminal voltage and STATCOM DC voltage
responses at nominal operating condition where the coordinated design of STATCOM C & @
controllers is compared to individual design. It can be seen that, at this loading condition, both
individually design STATCOM controllers are performed well in stabilizing the system which
confirm the eigenvalue analysis. While there is a excellent improvement in the system response

when coordinated design is considered.

The simulation results obtained obviously show that the proposed coordinated design overtake
both the individual designs in terms of first swing stability, overshoot, and settling time. On the
other hand, the damping effort provided by the UPSS and C-based are not sufficient to keep the
system stable at this loading condition. These results confirm the conclusion drawn for

eigenvalues analysis.
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Fig. 5-4 Rotor angle response for 6-cycle fault with nominal loading C & @, individual and coordinated design.
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Fig. 5-5 Rotor speed response for 6-cycle fault with nominal loading C & @, individual and coordinated design.
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1.1 T T T T T

C-Based
108l —r=me- Phi-Based i
--------- C&Phi-Coordinated Based

1.06

1.04

1.02

0.98

DC voltage (PU)
=]

0.96

0.94

0.92

c

0 1 2 3 4 5 6
Time (sec)

0.9

Fig. 5-6 DC voltage response for 6-cycle fault with nominal loading C & ®, individual and coordinated design.
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Fig. 5-7 VSC angle response for 6-cycle fault with nominal loading C & @, individual and coordinated design.

59



VSC Magnitude vs Time
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Fig. 5-8 VSC magnitude response for 6-cycle fault with nominal loading C & ®, individual and coordinated design.
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Fig. 5-9 Generator power response for 6-cycle fault with nominal loading C & @, individual and coordinated design.
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Synchronous Generator Terminal Voltage vs Time
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Fig. 5-10 Generator terminal voltage response for 6-cycle fault with nominal loading C & ®, individual and
coordinated design.
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Fig. 5-11 STATCOM bus voltage response for 6-cycle fault with nominal loading C & @, individual and
coordinated design.



5.2.2 Heavy Loading

Figures (Fig. 5-12 - Fig. 5-19) show the angle deviation, speed deviation, DC voltage, VSC angle,
VSC magnitude, electrical power, generator terminal voltage and STATCOM DC voltage

responses at heavy operating condition.
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Fig. 5-12 Rotor angle response for 6-cycle fault with heavy loading C & @, individual and coordinated design.
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Rotor speed vs Time
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Fig. 5-13 Rotor speed response for 6-cycle fault with heavy loading C & @, individual and coordinated design.
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Fig. 5-15 VSC angle response for 6-cycle fault with heavy loading C & @, individual and coordinated design.
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Fig. 5-16 VSC magnitude response for 6-cycle fault with heavy loading C & ®, individual and coordinated design.
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Fig. 5-17 Generator power response for 6-cycle fault with heavy loading C & @, individual and coordinated design.
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Fig. 5-19 STATCOM bus voltage response for 6-cycle fault with heavy loading C & @, individual and coordinated
design.
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5.2.3 Light Loading

Figures (Fig. 5-20 - Fig. 5-27) show the angle deviation, speed deviation, DC voltage, VSC angle,
VSC magnitude, electrical power, generator terminal voltage and STATCOM DC voltage

responses at light operating condition.

The coordinated design with @ solves the problem of very low damping ratio at light loading

when C controller is considered.
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Rotor speed vs Time

1005 U T 15 5 5
UPSS
1.004 - ———- C-Based T
.......... Phi-Based
i.003~ N | Tm==- C&Phi-Coordinated Based |-
1.002 -
=)
e
- 1.001 e
[}
[}
o
2 1 ad o
[e]
°
12
0.999 !
0.998 !
0.997 !
0996 r r r r r
0 1 2 3 4 5 6
Time (sec)

Fig. 5-21 Rotor speed response for 6-cycle fault with light loading C & @, individual and coordinated design.
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Fig. 5-22 DC voltage response for 6-cycle fault with light loading C & @, individual and coordinated design.
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Fig. 5-25 Generator power response for 6-cycle fault with heavy loading C & @, individual and coordinated design.
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Fig. 5-26 Generator terminal voltage response for 6-cycle fault with light loading C & @, individual and coordinated

design.
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CHAPTER 6 STATCOM Model in RTDS

and Experimental Setup.

Previously, VSC converters modeled in the RTDS Simulator were restricted to 2-level fixed
topology configurations. It was recognized as desirable to allow user configured valve topologies
and to be able to accommodate multilevel converters[7].

A technique explored by Hui and Christopoulos, whereby the Dommel network conductance
does not need to be decomposed or inverted during the simulation, was implemented [11][12].
The paper describes new developments in the RTDS Simulator with particular focus on the
simulation of multilevel VSCs using PWM control. The work conducted clearly shows that the
RTDS Simulator can be relied upon to accurately test VSC firing pulse controls using PWM
frequencies in the range of 1500 Hz. [7].

When a real time digital simulator, emulating a switched circuit such as a voltage source
converter, is interfaced with a digital controller, the controller’s firing signals may not be in
synchronism with the simulation time step. Several methods to minimize the resulting
inaccuracies have been proposed in the past. However, some of these approaches introduce
unnecessary delays and/or generate artificial harmonics.

K. L. Lian and P. W. Lehn [13] presented a method based on Time Averaging is presented the
Real Time Digital Simulator (RTDS) by RTDS Technologies, Inc [12] are widely used for real
time simulations and hardware-in-the-loop experimental applications. The RTDS main network

is solved with a typical time-step size of about 50 us. Recently, RTDS added the capability of
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simulating power electronic switches used in Voltage Source Converters (VSC) on GPC
(Gigabyte Processing Card) with significantly smaller time steps from 1.4 to 2.5 ps.

The basic modeling principle adopted for the switches in the RTDS small timestep environment
as described by Maguire et al cause inherent artificial losses. The small time-step switches can
be easily interfaced to the main network solution [10]. Actual power electronic switches are not
ideal and dissipate power in their applications. Power loss of power electronics switch models in
transient simulation programs have been analyzed by some researchers [149][150]. The
dependencies of these losses from simulation parameters have already been studied by the
authors using a simple DC/DC converter as an example [151]. From a theoretical study it was
found that reducing the damping factor and simulation time-step can reduce switching loss. The
accompanying sensitivity study verified that inappropriate switch parameters, such as large
damping factors, voltages and currents very different from their rated values can contribute to
excessive artificial power loss in the switches.

In addition, low switch voltage and high switch current can reduce the Total Harmonic
Distortion (THD) in the switch models in the RTDS small time-step environment. With
increasing number of switches in power electronic apparatus representation and verification of
the model, and the required power loss analysis become more complicated compared to the
system studied in [151].

In [9] conclusions from the previous study and extends the previous investigation on validating a
five-level STATic synchronous COMpensator (STATCOM) model implemented in the RTDS
small time-step environment. STATCOM devices can provide controllable reactive power
(VAR) support for dynamic voltage control with their actively controllable VAR injection,

especially under voltage depression.
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Control-Hardware-In-Loop (CHIL) testing for the STATCOM controller, which is currently
carried out at the Center for Advanced Power Systems (CAPS) at Florida State University
(FSV), is required by the host utility before the field deployment of the STATCOM. The details
of the CHIL testing and the preliminary results are shown in [152]. For the purpose of the CHIL
testing, an appropriate five-level voltage source converter (VSC) model is required in RTDS for
testing the STATCOM controller with RTDS in a closed loop experiment. Some constraints,
such as the number of the D/A output interface channels on the GPC cards, limit the number of
switches modeled on each GPC and thus complicate the STATCOM model implementation on

the RTDS.

6.1 LABORATORY SETUP FOR RTDS SIMULATION

In this section, the system model shown in Fig. 3-1 is implemented in Real Time Digital
Simulator using RSCAD System Modeling. The model in RTDS environment has been
developed as single machine infinite bus system which contains synchronous machine,
transmission lines, local loads, STATCOM with its VSC and power storage , phasor
measurement units and their control schemes. The schematic diagram of the system is shown in

Fig. 6-1.
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Fig. 6-1 Schematic diagram of single machine infinite bus system with STATCOM.
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6.1.1 The Generator Model

The synchronous machine model used in this study as described in Fig. 6-2 allows both the

exciter and governor turbine interfaces which used for the machine control system. the machine

parameters used in this model are specified in Appendix D - Table 8.

Exciter Interface

EF: Field Voltage (norm)

IF: Field Current (norm)
VMPU: Machine Voltage (F.U.)
W Machine speed (Rad./sec.)

T™: Mechanical Torque (PU.)
A/B/C: Bus Connection Terminals

Tivia = 100.0

M 138

2300

S LAGS

(%' A

A

Governor / Turbine
Interface

Fig. 6-2 Synchronous machine model with transformer in RSCAD.

6.1.2 Exciter and power system stabilizer (PSS) model.

Exciter model represents a static excitation system whose source voltage is derived from the

generator terminals through a transformer. The exciter maximum output voltage is thus limited

by the source voltage. The fixed gain Ka assumes that the rectifier controller of the static

excitation system being represented includes an inverse cosine function to linearize the exciters

gain. Both the block diagram of the PSS is shown in Fig. 6-3 and its controller parameters are

listed in Appendix D - Table 9.
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Fig. 6-3 IEEE Type ST1 Excitation System Model.

6.1.3 The Transmission Lines Model.

Travelling wave transmission line model is used to represent transmission lines on the RTDS.
However, travelling wave models are generally preferred rather than other models such as Pl

model unless the line in the system is very short, in which case a Pl section model must be used.

TLINE
CALCULATION BLOCK
T-LINE NAME: |
L7
LINE CONSTANTS
L7E
CONTROL AND MONITOR

IN THIS SUBSYSTEM
GPC: Auto

CRT1TL78ES CRT11SE

1 T-L-INE NAME: T-LINE NAME: +

e e

CRT2TL788S CRT21SE

2 SENDING END RECEIVING END 2
CRT3TL788S TERMIMAL MAME: TERMIMAL NANE: CRTHSE

ey IL785E: . . . . . . TL7ERE: s AN

Fig. 6-4 The system's transmission line diagram.
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6.1.4 The STATCOM Model and its Controllers.

The RTDS model of STATCOM was designed to meet the required MVA needed at the most
dazedness cases, in order to compensate the required real and reactive power desired by the grid
network to be sustained during the fault, the STATCOM rating used in the system proposed is
listed in Appendix D - Table 11. the STATCOM components such as Voltage storage capacitors,
VSC with its controllers, Filters and coupling transformers are shown in Fig. 6-5. The STATCOM
voltage and current regulation controller is shown in Fig. 6-6. The rest controlling block diagram like
modulating signals generator and the phase locked loop (PLL) used to provide the transformation
angle and magnitude for the triangular waves used to generate the firing pulses are explained in

Fig. 6-8 and Fig. 6-7 respectively.
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Fig. 6-5 Modeling of STATCOM with its VSC in Small Time Step including pulse and triangle wave generators.
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Fig. 6-6 The STATCOM Voltage and Current Regulation Controller.
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Fig. 6-7 Phase Locked Loop (PLL) block model.
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CHAPTER 7 RTDS Experimental Results

In this chapter a comparative study of individual application of the damping stabilizers is
investigated and assessed, the RSCAD model shown in Fig. 6-1 is considered for nonlinear
simulation studies using RTDS. Different faults scenarios in 10-cycle duration are applied on the
STATCOM bus, at a wide loading conditions, to study the performance of the proposed

controllers.

Similarly to what have been stated previously in the simulated results about the improvement on
the transient stability due to the STATCOM and it proposed novel approached controllers, the C-
based shows better performance in terms of overshoot and settling time than UPSS alone. While
there is a excellent improvement in the system response when ®-based and coordinated design is

considered.
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7.1 Rotor Speed Deviation Response for Different Loading Conditions

under several disturbances.

In this section the simulation results of the rotor speed deviation due to the entire proposed
controllers are illustrated all to gather in the same plot for different faults circumstances and in

all kind of loading conditions nominal, heavy and light.

7.1.1 Nominal Loading
Figures (Fig. 7-1 - Fig. 7-3) show the speed deviation responses for each proposed controller

UPSS, C-based alone, ®-based alone and C&® coordinated-based at a nominal loading
condition. it is very clear that ®-based controller shows better performance since it is controlling
the real power injected to the system during the disturbance which would enhance significantly

the system damping.

Rotor Speed vs Time - 1-®_Fault - Nominal Loading
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Fig. 7-1 Rotor speed response for 1-® fault - nominal loading.
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Rotor Speed vs Time - 2-®_Fault - Nominal Loading
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Fig. 7-2 Rotor speed response for 2-® fault - nominal loading.
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Fig. 7-3 Rotor speed response for 3-® fault - nominal loading.
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7.1.2 Heavy Loading

Figures (Fig. 7-4 - Fig. 7-6) show the speed deviation responses for each proposed controller

UPSS, C-based alone, ®-based alone and C&® coordinated-based at a heavy loading condition.
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Rotor Speed vs Time - 1-®_Fault - Heavy Loading
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Fig. 7-4 Rotor speed response for 1-® fault - heavy loading.

The rotor speed response shown in Fig. 7-4 clearly indicates how the settling time is slightly

longer in a heavy loading condition than it is in a nominal loading case, while the overshot is

controlled to be maximum in 377.5 rad/sec in both cases.
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Rotor Speed vs Time - 2-®_Fault - Heavy Loading
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Fig. 7-5 Rotor speed response for 2-® fault - heavy loading.
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Fig. 7-6 Rotor speed response for 3-® fault - heavy loading.
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7.1.3 Light Loading

Figures (Fig. 7-7 - Fig. 7-9) show the speed deviation responses for each proposed controller

UPSS, C-based alone, ®-based alone and C&®d coordinated-based at a light loading condition.

Rotor Speed vs Time - 1-®_Fault - Light Loading
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Fig. 7-7 Rotor speed response for 1-® fault - light loading.

Throughout the light loading operating condition, the system's controllers are tested to insure its
validity to operate in all loading circumstances. The rotor speed response gets better when the

phase angle based controller and both phase and magnitude based controller is applied.
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Fig. 7-8 Rotor speed response for 2-® fault - light loading.
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Fig. 7-9 Rotor speed response for 3-® fault - light loading.
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7.2 Generator Terminal Voltage for Different Loading Conditions under

several disturbances

In this section the simulation results of the generator terminal voltage deviation due to the entire
proposed controllers are illustrated all to gather in the same plot for different faults

circumstances and in all kind of loading conditions nominal, heavy and light.

7.2.1 Nominal Loading
Figures (Fig. 7-10 - Fig. 7-12) show the generator terminal voltage deviation responses for each

proposed controller UPSS, C-based alone, ®-based alone and C&® coordinated-based at a
nominal loading condition. From these figures it evidently indicate the large voltage drop due to
the fault occurred in the STATCOM bus, the system is recovered and reach the study state

condition in less than two seconds only.

Generator Terminal Voltage vs Time - 1-®_Fault
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Fig. 7-10 Generator terminal voltage response for 1-® fault - nominal loading.
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Fig. 7-11 Generator terminal voltage response for 2-® fault - nominal loading.
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Fig. 7-12 Generator terminal voltage response for 3-® fault - nominal loading.
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7.2.2 Heavy Loading

Figures (Fig. 7-13 - Fig. 7-15) show the generator terminal voltage deviation responses for each
proposed controller UPSS, C-based alone, ®-based alone and C&® coordinated-based at a heavy

loading condition.

Generator Terminal Voltage vs Time - 1-®_Fault
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Fig. 7-13 Generator terminal voltage response for 1-® fault - heavy loading.

The terminal voltage response due to 3-® fault shown in Fig. 7-15 points out an immense
enrichment in terms of damping the oscillations as well as reducing the voltage drop in the
system controlled by ®-based controller alone. However, the performance of the other
approaches doesn't really show any significant difference on their ability to damp the oscillations

and improve the system's stability.
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Fig. 7-14 Generator terminal voltage response for 2-® fault - heavy loading.
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Fig. 7-15 Generator terminal voltage response for 3-® fault - heavy loading.
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7.2.3 Light Loading

Figures (Fig. 7-16 - Fig. 7-18) show the generator terminal voltage deviation responses for each

proposed controller UPSS, C-based alone, ®-based alone and C&® coordinated-based at a light

loading condition.
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Fig. 7-16 Generator terminal voltage response for 1-® fault - light loading.
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Fig. 7-17 Generator terminal voltage response for 2-® fault - light loading.
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Fig. 7-18 Generator terminal voltage response for 3-® fault - light loading.

93



7.3DC Voltage for Different Loading Conditions under Several

Disturbances

In this section the simulation results of the DC voltage deviation due to the entire proposed

controllers are illustrated all to gather in the same plot for different faults circumstances and in

all kind of loading conditions nominal, heavy and light.

7.3.1 Nominal Loading
Figures (Fig. 7-19 - Fig. 7-21) show the DC voltage deviation responses for each proposed

controller C-based alone, ®-based alone and C&® coordinated-based at a nominal loading
condition, these figures give an obvious verification about the success of using the coordinated

design controller specially in the responses of the DC voltage deviations.

DC Voltage vs Time - 1-®_Fault
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Fig. 7-19 DC voltage response for 1-® fault - nominal loading.
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Fig. 7-20 DC voltage response for 2-® fault - nominal loading.
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Fig. 7-21 DC voltage response for 3-® fault - nominal loading.
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7.3.2 Heavy Loading
In this section the DC voltage deviation responses for each proposed controller C-based alone,

®-based alone and C&® coordinated-based at a heavy loading condition. The best controller
approach used in this loading condition which would have the best response for the DC voltage

deviation is the ®-based controller alone as explained in Figures (Fig. 7-22 - Fig. 7-24).

DC Voltage vs Time - 1-®_Fault
C-Based Phi-Based Coordinated-Based

245

24

23.5

23

DC Voltage (kV)

225

22
0 0.66667 1.33333 2 2.66667 3.33333 4

Time (Sec)

Fig. 7-22 DC voltage response for 1-® fault - heavy loading.
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DC Voltage vs Time - 2-®_Fault
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Fig. 7-23 DC voltage response for 2-@ fault - heavy loading.
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Fig. 7-24 DC voltage response for 3-® fault - heavy loading.
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7.3.3 Light Loading

Figures (Fig. 7-25 - Fig. 7-27) show the DC voltage deviation responses for each proposed

controller C-based alone, ®-based alone and C&® coordinated-based at a light loading

condition. The responses in this operating condition show a similar behavior comparing to the

results in heavy loading condition where the ®-based controller is recommended to be used.
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Fig. 7-25 DC voltage response for 1-® fault - light loading.
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Fig. 7-26 DC voltage response for 2-® fault - light loading.
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Fig. 7-27 DC voltage response for 3-® fault - light loading.

99



7.4 Generator Power for Different Loading Conditions Under several

Disturbances

In this section the simulation results of the generator output power deviation due to the entire
proposed controllers are illustrated all to gather in the same plot for different faults

circumstances and in all kind of loading conditions nominal, heavy and light.

7.4.1 Nominal Loading
Figures (Fig. 7-28 - Fig. 7-30) show the generator output power deviation responses for each

proposed controller UPSS, C-based alone, ®-based alone and C&® coordinated-based at a

nominal loading condition.
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Fig. 7-28 Generator power response for 1-® fault - nominal loading.
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Generator Power vs Time - 2-®_Fault
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Fig. 7-29 Generator power response for 2-® fault - nominal loading.
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Fig. 7-30 Generator power response for 3-® fault - nominal loading.
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7.4.2 Heavy Loading

Figures (Fig. 7-31 - Fig. 7-33) show the generator output power deviation responses for each

proposed controller UPSS, C-based alone, ®-based alone and C&® coordinated-based at a heavy

loading condition.
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Fig. 7-31 Generator power response for 1-® fault - heavy loading.
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Generator Power vs Time - 2-®_Fault
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Fig. 7-32 Generator power response for 2-® fault - heavy loading.
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Fig. 7-33 Generator power response for 3-® fault - heavy loading.
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7.4.3 Light Loading

Figures (Fig. 7-34 - Fig. 7-36) show the generator output power deviation responses for each
proposed controller UPSS, C-based alone, ®-based alone and C&® coordinated-based at a light

loading condition.
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Fig. 7-34 Generator power response for 1-® fault - light loading.

For two stabilizers designed in coordinated manner controller, it is clear that the coordinated-
based and ®-based stabilizers provide the best damping characteristics and improve greatly the
first swing stability. It can be seen that STATCOM-based stabilizers are more effective in

oscillation damping compared to PSS.
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Generator Power vs Time - 2-®_Fault
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Fig. 7-35 Generator power response for 2-® fault - light loading.
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Fig. 7-36 Generator power response for 3-® fault - light loading.
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7.5 Comparison Between Simulated and RTDS Implemented Results

The simulated results are compared with RTDS results to explore the validity of the proposed
controller. Usually in the simulation process, it is necessary to simplify the model firstly
according to simulation requirements in order to improve simulation speed. While implementing
simulation in RTDS, the calculation is carried out firstly, then the simulation results is processed
according to analysis requirements[153].

The system is tested under a 6-cycle 3-@ fault which is applied on the STATCOM for the three
controllers strategies. The rotor angle responses due to such disturbances are shown in figures
(Fig. 7-37- Fig. 7-45). The implemented results in addition to the simulated results have confirmed

the effectiveness and the accuracy of such proposed controllers.
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Fig. 7-37 Comparison between simulated and RTDS implemented results due to 6-cycle fault in a c-based controller
designed system - Nominal Loading.
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C -Based Stabilizer - Heavy Loading
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Fig. 7-38 Comparison between simulated and RTDS implemented results due to 6-cycle fault in a C-based
controller designed system - Heavy Loading.
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Fig. 7-39 Comparison between simulated and RTDS implemented results due to 6-cycle fault in a C-based
controller designed system - Light Loading.
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Fig. 7-40 Comparison between simulated and RTDS implemented results due to 6-cycle fault in a ®-based
controller designed system - Nominal Loading.

® -Based Stabilizer - Heavy Loading

1.006 o=
- Phi -based controller
—— Simulated Result
— 1.004 == ® » »« »« « RTDS Implemented Result
o -
3 1.002 ==
o o
] - b 3
Q ’
@ A 1 .
i)
) -
14
0.998 ==
2
o L )
LY
0.996 T T 1
l | L
0 1 2 3

Time "t" (sec)

Fig. 7-41 Comparison between simulated and RTDS implemented results due to 6-cycle fault in a ®-based
controller designed system - Heavy Loading.
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®-Based Controller - Light Loading
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Fig. 7-42 Comparison between simulated and RTDS implemented results due to 6-cycle fault in a ®-based
controller designed system - Light Loading.

Coordinated -Based Stabilizer - Nominal Loading

1.006 =
- Coordinated-based controller
Simulated Result
—_ 1:004 == ® » « « « RTDS Implemented Result
= -
3 1.002 ==
] -
Q
o
7] 1
S
° =
(4
0.998 e
=
T T T T T T I
0 1 2 3 4 5

Time "t" (sec)

Fig. 7-43 Comparison between simulated and RTDS implemented results due to 6-cycle fault in a ®&C
Coordinated-based controller designed system - Nominal Loading.
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Coordinated -Based Stabilizer - Heavy Loading
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Fig. 7-44 Comparison between simulated and RTDS implemented results due to 6-cycle fault in a ®&C
Coordinated-based controller designed system - Heavy Loading.
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Fig. 7-45 Comparison between simulated and RTDS implemented results due to 6-cycle fault in a ®&C
Coordinated-based controller designed system - Light Loading.
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CHAPTER 8 CONCLUSION

8.1 Conclusion

In this thesis the problem of enhancing the power system dynamic stability through individual
and coordinated design of power system stabilizers and STATCOM-based stabilizers. The
coordination between the various damping stabilizers and the STATCOM internal voltage Pl
controllers is taken into consideration to improve the system dynamic stability as well as the
system voltage regulation. The controllability of the electromechanical mode over a wide range
of operating conditions by a given control input has been measured using a Singular Value
Decomposition-based approach. Such a study is very important as it laid the foundations of the
requirements of the coordinated design problem. The stabilizer design problem has been
formulated as an optimization problem, which was then solved by real-coded Differential
Evolution . In this regard, the proposed objective function ensures the improvement in the system
damping as well as the AC and DC voltage regulations. It is also aimed to improve the system
response in terms of the settling time and overshoots..

Individual design as well as coordinated design of the proposed stabilizers have been
investigated and discussed. In all cases, the damping characteristics of the proposed control
schemes to low frequency oscillations over a wide range of operating conditions has been
evaluated using the damping torque coefficient.

The effectiveness of the proposed control schemes in enhancing the power system dynamic
stability has been verified through a comprehensive nonlinear time-domain simulations for a
variety of loading conditions. It was clearly shown that the coordinated design of PSS and
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different STATCOM-based stabilizers outperforms the individual design of these stabilizers. In
addition, the STATCOM-based damping stabilizers outperform the PSS and provide better
damping characteristics. It can be concluded that the ®-based stabilizer enhances greatly the
system transient stability more than other approaches.

The system is implemented experimentally in the Real Time Digital Simulator where the
machine model and the STATCOM along with its control scheme are presented. The model of
STATCOM s built in small time step. The dynamic behavior of the system was obtained for
fault disturbance. It is also reported that RTDS is an effective tool to conduct transient and
dynamic analysis of power system due to fast computation in real time and external hardware

interfacing capability.

8.2 Future Work

There are several ideas that could be addressed in the area of power system stability
enhancement using STATCOM based stabilizer to damp the low frequency oscillations:

e The phasor measurement unit (PMU) could be used to send the required measurements as
an input signals to the STATCOM controllers specially if the STATCMS is located far
away from the signal source, so this application could be implemented to test the
STATCOM enhancements in damping the inter area oscillations, furthermore, if the
PMU technology is utilize the application of STATCOM into the a multi machine system
stability studies would be more realistic.

e The STATCOMs which have been used so far are limited in their ability to deliver a
significant amount of real power due to their relatively small energy storage. However,

with the recent developments of the super capacitors technology which can store
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significant amounts of energy, and are able to quickly release it would tremendously
improve the capability of STATCOM and its performance to improve the transient

stability of the system.
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APPENDICES

Appendix A The System's Data

The system data are as follows:

M = 6.0s; T, =5.044; D = 4.0; X¢ = 1.0;

X, =0.3; Xq = 0.6; R; =R, = 0.0; X1=X2=0.3;
g=0.0; b =0.0; Ka=10; Ta=0.01;
Ks=1.0; Ts= 0.05; [Upss| < 0.2 pu; v=1.0 pu.
X = 0.15; Coc=1.0; Vpc=1.0;

All resistances and reactances are in pu and time constants are in seconds.
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Appendix B The System Linearization Model

Referring to Fig. 3-1, the d and g components of the machine current i and terminal voltage V can

be written as:
- :. - 1
b=l —l—jlq 1)

+jv )

V=Vd q

The load current
i, = VYL1 (3)

where the load admittance Y L IS given as:

v, =g+ib 4

The d and q components of i, can be written as:

L
ig =gy —bv, )
i, =0V, +bv, ()
Then, the line current through the first section
il =i —i L (7)
The d and g components of i1 can be written as:
by =14 iy 8
iy =iq g 9)
The STATCOM-bus voltage
Vo =V—iy (R + jX,) (10)
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Hence, the d and g components of V, can be written as:

Vig = CVy +CV, — Xy — R,

where

c,=1+Rg—Xb

c,=Rb+X,0

Substituting of V4 and vV, , V,, can be rewritten as:
Vg = Cylg +Cjig —C,E,

q

Vig = Cslg +Colg +CE,

The d and g components of V; can be written as:
vy, =CV,. Cosg

Vg =CV sing

The STATCOM AC current is can be given as:

Then the current in the second section of the line iz is given as:

=1, -,
The d and g components of i2 can be written as:

g = Clg +Cgly, +CoEy +CVpe Sing/x,

(11)

(12)

(13)

(14)

(15)

(16)

17)

(18)

(19)

(20)

(21)
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iZq = C10id +C11iq +Cp E('; —CVp cos ¢/Xt (22)
The infinite bus voltage

Vp =V, _iz(Rz + sz)

(23)
The components of V, can be written as:
Vd =Vp SINS =V 4 —Ryisg +X 50 (24)
Vg =Vp COSS =V o —X ooy —Roing (25)
Substituting, the following two equations can be obtained
Cygly +Cyaly =V, SIS —CiE, +CV (R, sing+ X, cos ) /% (26)
Cygly +Cprly =V, 0SS —CeE, +CVpe (X, 5iNg—R, cOS)/X, 27)

Solving (26) and (27) simultaneously, id and iq expressions can be obtained in the design of

electromechanical mode damping controllers, the linearized incremental model around a nominal

operating point is usually employed.

Linearizing (26) and (27) at the nominal loading condition, Al and Aiq can be expressed in
terms of A8, AE, AV (., AC , and Ag as follows.

Ay = CgAS +CxAE +Cy AV +C,AC +CiAP 28)

Al = CyAS +CpuAE +CogAVe +CpAC +CppAg 29)

go* —q0’

The constants C, -C,, are expressions ole’ Ko Ror X Y Xy X101 bor Bon Voo, Co, a0 4y
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The linearized form of V, and V, can be written as

Av, =X,Ai, (30)
Av, =AE, — X, Al (31)
Using Equations (38-28-40-30), the following expressions can be easily obtained
AP, = KAS + K AE, + K AV + K (AC+K A (32)
(K, + 5Ty, )AE, = A, —K, A8 — K nc AV =K AC - K Ag (33)
AV = KAS + K AE, + K 5 AV + K AC+K A (34)
AVpe = K,AS8 + K AE + Ko AV + K AC+K ,Ag (35)
where the constants Kl'KS’ KpDC , KpC ) Kp¢1 Kch , ch , qu)a Kch ) ch ) quﬁ! KDC , KAC )
and Kqu are expressions of C; -Cy.
The linearizing procedure yields the following linearized power system model
- . [ 0o 87T 0 0 0 ] 0 0 0 ]
A.é kDK 0 Koo | A1 | O _Kone Kop
Aw M M M M M M
K K 1 K Ao KqDC Kq¢ UPSS
e =] —=2 -3 e — e ' 0 B -
AEq - Td.o ° dlo dlo Td‘o AEq ’ TdO TdO AC
. AE,, K K |LAd
AE KaKs 0o - KaKg 1 KaKine AV Ka KaKioc AN
y TA TA TA TA - Pe TA TA TA
[AVoc | K 0 K, 0 Koe | | 0 K o Ky
(36)
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Appendix C  RTDS Overview

Digital technique is believed to be the one of the most important techniques which stimulates the
development of modern power systems since later 1960s, especially for power system simulation
[154], protection [155] and power electronics [156]. In the past, modern technology has gone
through tremendous development in the area of power system and digital simulation. The
microprocessor progresses, communication and transducer technologies have provided new

means for the development in power system protection and relay testing.

Wide Area Protection
and Control Testing

Distributed Generation Large Scale Real Time
(Renewables) " Simulations

Smart Grid
Development & PHIL
Simulation Testing

HIL Control
System Testing

Protective Relay Testing
with IEC 61850

Fig. C. 1. RTDS applications.

The Real Time Digital Simulator which developed at the Manitoba HVDC Research Centre in
the late 1980’s is a fully digital electromagnetic transient power system simulator. The RTDS
Simulator responsibility was transferred to RTDS Technologies in 1994 where it has since
undergone numerous hardware and software developments. It can be used to conduct close-loop
testing of physical devices such as protection equipment and control equipment; to perform
analytical system studies and to educate operators, engineers and students [156]. It is a cost-
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effective replacement for transient network analyzers and analogue/hybrid simulators. RTDS
allows the user to investigate the effects of disturbances on power system equipment and
networks to prevent outages or complete failure. Moreover, RTDS added the capability to
improve the simulation accuracy and better capture the switching events [157]. The simulator is
now widely used in the electric power industry by utilities, equipment manufacturers and

research organizations.

C.l RTDS Capability

RTDS shown in Fig. C. 2 is generally designed to simulate power systems in real time with time
step-sizes on the order of 50us. The system uses a number of digital signal processors (DSPs)
which operated in parallel. It provides a number of digital and analog I/O ports for interfacing
hardware to the simulation. It features a more powerful processor combined with FPGAs which
allow the simulation of a limited number of power electronics devices with time step as small as
1.4-2.5 ps embedded in the 50us time-step environment. Therefore, it allows the simulation of
power electronics converter operating at higher switching frequency with sufficient accuracy. In
addition, its real time capability allows the user to incorporate real devices into the simulation in

a closed loop environment .

Fig. C. 2. RTDS Simulator components.
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C.2 Simulator Design

The beauty of the RTDS is that it works in continuous, sustained real time. This means that it can
solve the power system equations fast enough to continuously produce output conditions that
realistically represent conditions in the real network. Because the solution is real time, the
simulator can be connected directly to power system control and protective relay equipment and
adjust its calculations based on their operation [38]. RTDS is a combination of advanced
computer hardware and comprehensive software. Real-time implementation setup using RTDS is

shown in Fig. C. 3.
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RTDS Racks

Download
&
Compile

RTDS Software

Computer Running RSCAD

Draft File

Run Time File
Compile

Fig. C. 3. Real-time implementation setup using RTDS.

122



C.3 Hardware

The RTDS Simulator hardware is based on a customized parallel processing architecture. It is
designed specifically to solve the electromagnetic transient simulation algorithm developed by
Dr. Hermann Dommel [154]. The design is modular so that different size power systems can be
accommodated by adding units to the simulator. These units are called racks. Each rack of
hardware includes both communication and processor cards linked through a common
backplane. A large network is divided into separate subsystems. Each subsytem is solved by one
rack. Each rack has an InterRack Communication (IRC) card to share the information between
the subsystems and contains a Workstation InterFace (WIF) card to synchronize the simulation
calculations and to coordinate the communication between processor cards as well as the
communication between racks. Additionally the WIF provides Ethernet communication to and
from the graphical user interface during real times simulations. The processor cards are
responsible for calculating the overall network behavior. Different components are assigned to
different processors so that their contribution to the subsystem response can be calculated in
parallel. The current RTDS Simulator uses two different processor cards; the Triple Processor
Card (3PC) and the Giga Processor Card (GPC). Each 3PC card contains three floating point
Digital Signal Processors (DSP) running at 40 MHz, a significant increase over the original
Tandem Processor Card (TPC) which had only two DSP’s running at 11 MHz. The processors
can communicate directly to another one at any time via shared memory, without having to
access the backplane, and can therefore be used independently or together to solve more complex
component models. The GPC is the most recently developed processor card which contains two
RISC processors running at 1 GHz. Due to their computational power, the GPC processors are
often used to calculate more than one component model at the same time. Starting at the concept

stage, the RTDS Simulator was intended for testing of physical protection and control
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equipment, thus making input/output (1/0) a primary design consideration. In some instances,
hundreds of signals are passed to and from the simulator to external equipment. Great care was
given to ensure that large amounts of 1/0 could be provided without significantly affecting the
simulation timestep. Instead of providing a central communication link, the processor cards and
I/O were designed to communicate directly with another one to minimize the communication
time. The Giga-Transceiver Input/Output (GT-1/O) cards are a family of 1/0 developed for the
GPC card shown in Fig. C. 4. The GT-I/O cards connect to the GPC via 2 GHz fiber optic links
and provide complete optical isolation from the simulator. The GT-1/O cards include analogue

input and output with 16-bit data converters as well as digital input and output.

i
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|

Fig. C. 4. GPC card.

Typically the simulation timestep for real time operation of the RTDS Simulator is in the order
of 50 ps. Hard real time is ensured by the WIF card. If any processor cannot complete the

calculations and 1/O required within the given timestep, the simulation is stopped and an error
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message issued. The largest simulation ever run in real time provided a full electromagnetic
transient representation for a network with over 500 three-phase buses and 90 generators. Special
hardware, algorithms and technique have been developed to provide a high degree of accuracy in

representing high speed power electronics that typically require a response in the order of 1 ps.

C.A4 Software

There are several levels of software involved with the RTDS Simulator. At the lower level are
the component models (i.e. lines, transformers, generators, etc.) which have been optimized for
real time operation. Over the years a comprehensive library of both power system and control
components has been developed and refined. The highest level of software is the graphical user
interface known as RSCAD. RSCAD allows simulation circuits to be constructed, run, operated
and results to be recorded and documented. The RSCAD Draft module shown in Fig. C. 5 allows
simulations to be constructed graphically by copying and connecting generic components from
the library. The parameters of a particular component can be entered through a data menu. After
the network has been constructed, it is compiled to create the simulation code required by the
simulator. Once the compile process has been executed, the simulation can be run using RSCAD

RunTime shown in Fig. C. 6.
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Fig. C. 6. RSCAD Run Time.

RunTime, which operates on a PC or workstation, communicates back and forth with the
simulator WIF cards via Ethernet. The bidirectional communication allows simulations to be
downloaded and run as well as for simulation results to be transferred to the RunTime screen.
The network can be operated from RunTime by changing switching states or set points. Slow
moving signals such as power, RMS bus voltage, machine speed, etc. can be monitored on a
continuous basis to allow transient behavior and state of the network to be observed. Detailed
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plots of transient events, with a resolution as high as every timestep, can also be recorded by the

simulator WIF cards and displayed in RunTime plots.
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Appendix D  RTDS Model Parameters

Table 8 The Generator General Model Configuration

Generator
General Model Configuration Value Unite
Rated MVA of the machine 192 MVA
Rated RMS Line-to-Line Voltage 18 KV
Base Angular Frequency 60 Hertz
Mechanical Data and Configuration Value Unite
Inertia Constant (H ) 6.4 MWs/MVA
Synchronous Machine Damping (D ) 2 p.u./p.u.
Machine Electrical Data Value Unite
Stator Leakage Reactance (Xa) 0.1 p.u.
D-axis: Unsaturated Reactance( Xd ) 1.73 p.u.
D-axis: Unsaturated Transient Reactance( Xd') 0.23 p.u.
D-axis: Unsaturated Sub-Transient Reactance(Xd") 0.22 p.u.
Q-axis: Unsaturated Reactance( X q ) 1.66 p.u.
Q-axis: Unsaturated Transient Reactance(Xq’) 0.378 p.u.
Q-axis: Unsaturated Sub-Transient Reactance(Xq") 0.377 p.u.
Stator Resistance (Ra) 0.002 p.u.
D-axis: Unsaturated Transient Open T Constant (Tdo") 6 sec
D-axis: Unsaturated Sub-Transient Open T Constant (Tdo") 0.001 sec
Q-axis: Unsaturated Transient Open T Constant (Tqo') 0.535 sec
Q-axis: Unsaturated Sub-Transient Open T Constant (Tgo") 0.001 sec
Table 9 IEEE Type st1 Excitation System Model Data.
IEEE Type st Excitation System Model
Description Value Unite
Rated RMS Phase Voltage (Vb ) 10.393 KV
Time Constant (TF) 0.00 sec
Upper Limit Vimax (Vimax) 1.00 p-u.
Lower Limit Vimin (Vi min) -1.00 p-u.
Time Constant (TC) 1.00 sec
Time Constant (Th ) 0.00 sec
Gain (Ka) 50
Time Constant (Ta) 0.05 sec
Upper Limit VRmax (Vrmax) 7.30 p-u.
Lower Limit VRmin (Vrmin ) -7.30 p.u.
Constant (Kc) 0.175
Feedback Gain (Kf ) 0.00
Feedback Time Constant (Tf 1) 1.00 sec

128



Table 10 Transmission Line Parameters Data.

Transmission line Parameters

Description Value Unite
MVA Base 100.0 MVA
Rated Voltage 230.0 KV
Number of Phases 3 p.u.
Positive Sequence Series Resistance 0.0085 p.u.
Positive Sequence Series Ind. Reactance 0.072 p.u.
Positive Sequence Shunt Cap. Reactance 6.7114 p.u.
Zero Sequence Series Resistance 0.0085 p.u.
Zero Sequence Series Ind. Reactance 0.21 p.u.
Zero Sequence Shunt Cap. Reactance 20.0 p.u.
Table 11 The STATCOM Rating.
STATCOM Rating Information
Description Value Unite
Rated MVA of the STATCOM 60 MVA
Rated RMS Line-to-Line Voltage at STATCOM Bus 230 KV
Base Angular Frequency 60 Hertz
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