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ABSTRACT

In the power transmission systems, the power transferring capability is limited due to the
inductive reactance of the transmission lines. In order to mitigate the inductive effect, some
compensation techniques are applied to the transmission lines. One such technique is the series
compensation using capacitor banks. Series compensation method is used to improve the
system voltage with capacitor banks are connected in series with the power transmission line
and it expands the power transferring capability of the line. Although the increase of series
compensation improves the power transfer capability and the steady-state and transient
stability limit of the power transmission line, it can lead to the generation of some natural
frequencies due to the combination of inductor and capacitor (L-C). These frequencies are
called as sub-synchronous frequencies which are below the power frequency of the power
systems. They can arise sub-synchronous resonance (SSR).

The SSR can cause physical damages to the power system equipment unless it is detected and
mitigated punctually. Several number of mitigation techniques for different types of power
system oscillations have been proposed in literature. But existing mechanisms are not
completely damp these oscillations or the mechanisms used to damp these oscillations might
be source for any other control situations. Therefore, this is a phenomenon which should
understand well and damped these oscillations properly. The intension of the work presented
in this thesis is to properly mitigate the undamped power system oscillations which are in the
range of sub-synchronous frequencies.

This research proposed a robust controller which can damp dominant sub-synchronous
resonance. Further, the implemented controller performs well in different operating points.
IEEE First Benchmark Model (FBM) is used as the test system and the dynamic phasor
representation of the system is used to model the small signal model. The operating points of
the test system were generated by changing the series capacitor compensation level of the
power transmission line. Finally, this research introduced a robust controller with PID
controlling to damp out dominant sub-synchronous oscillations which can perform well under
different operating points of the selected power system.
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CHAPTER 01

INTRODUCTION

It is well known that most AC transmission systems use capacitors in series with the
transmission lines. Series capacitor compensation is used for several reasons such as
increasing the load capability, controlling the load sharing among parallel lines and also
enhancing transient stability. However, series compensation capacitors in power
transmission lines can lead to SSR which is a form of oscillation occurs in the power
system and leads to several problems such as shaft failures. Therefore, the SSR effects

should be studied and understood for the series capacitor compensated power systems. [1]

This introductory chapter describes the nature of power system oscillations, several types
of power system oscillations, problems with those power system oscillations and the
motivation for the research.

1.1. Power System Oscillations

Due to the interactions among the components, the power systems contain with several
modes of oscillations. Among these, swinging of the synchronous generator rotors with
respect to another rotor in the same power system leads to a major type of power system
oscillations. These electromechanical oscillation modes typically occur between the
frequencies 0.1 Hz and 2 Hz [2]. The interarea oscillation modes which are particularly
troublesome, typically occur between the frequencies 0.1 Hz and 1 Hz [2]. The interarea
oscillation modes are generally connected with the machine groups which are swinging
with respect to other machine groups over a comparatively feeble path of transmission.
The local mode of oscillations which are between the frequencies 1 Hz and 2 Hz, usually

involve with the swinging of one or more generator rotors relative to the remainder of the



system or the swinging of the machines which are electrically closed, with respect to each
other [2]. All of these oscillations are electromechanical low frequency oscillation modes.
Other than these, sub-synchronous oscillations such as torsional modes of oscillations
which the frequencies are below the synchronous frequency, typically occur between the
frequencies 10 Hz and 45 Hz. The next sub sections discuss the several types of power

system oscillations in detail.

1.1.1. Electromechanical Local Mode of Oscillations

Oscillations with electromechanical local mode is the most commonly encountered among
the low frequency power system oscillations. This mode of oscillations occurs with the
swing of a one synchronous generator or more in a power station, against the remain of
that power station or load canter. This type of oscillations can become a sincere problem,
in the power station with reactance tie-lines and high load. From the AVRs action in the
generator units which are operating at high output and delivering to the feeble transmission
networks, this type of oscillation problems can be caused. With the high response
excitation systems, the problem is more noticeable. The electromechanical local mode of
oscillations normally occur between the frequencies 1 Hz and 2 Hz. The appearance of
these oscillations is properly understood and a satisfactory damping can be gladly reached
by Power System Stabilizers (PSSs) form with the help of extra control of the excitation
systems. [3], [4]

1.1.2. Electromechanical Inter-area Mode of Oscillations

Along with the local mode of oscillations, the inter-area mode of oscillations are also
stated to be an effective power oscillation mode by the most authors. Large inter-area
power oscillations can be produced by the local mode of oscillations and this is discussed

in the reference [5]. This mode of oscillations is related with the oscillations between the



machines which are in two separate parts of the power system. These oscillations are
caused by more than one groups of thoroughly coupled machines which are interconnected
from the weak ties. The electromechanical inter-area mode of oscillations normally occur
between the frequencies 0.1 Hz to 1 Hz. The characteristics of the inter-area mode of
oscillations are complicated and pointedly different from the characteristics of the local
mode of oscillations. The impact of these inter-area mode of oscillations is related to the
location of the generator in the power system and the connection of PSS. Therefore, to
damp this mode of oscillations and assurance the stability of the widespread power system
network which has many generators, it’s required to use a monitoring system and a reliable
control such as PSSs. [3], [4]

1.1.3. Electromechanical Torsional Mode of Oscillations

Torsional mode of oscillations typically happens in the turbo machines (i.e. in steam
driven systems). The long steam turbine-generator rotational components (such as shafts)
have some mechanical torsional mode of oscillations on frequency in the sub-synchronous
range which are originated by the variations in mechanical or electrical torques in the grid
connected generators in the power transmission lines with a long series capacitor
compensation. Due to the control interactions with the excitation of generator unit and
control of the prime mover, there can be several instances of torsional mode instability.
These oscillations typically occur around the frequencies higher than 10 Hz for the
turbines with a speed of 3600 rpm and around 5 Hz for the turbines with a speed of 1800
rpm. Since, this mode contains the frequencies which are greater than the frequency range
of typical PSS, monitoring this oscillation mode is difficult for the generator operators.
When commerce with this oscillation mode, the excitation system which includes high
gains can mains to shaft damages. [3] Flexible AC Transmission Systems (FACTS) were
presented as a solution to control this mode of oscillations. More about these sub-
synchronous oscillations and the defects of the existing solutions are discussed in the later

sections.



1.1.4. Electromechanical Control Mode of Oscillations

Even though, the torsional mode of oscillations is damped, there are some elements which
can affect for this damping of torsional mode of oscillations. For example, the damping
can be affected by the unbalanced faults, control of the static VAR converter, control of
the HVDC converter, control of the governor, and transmission with capacitors which are
in series. These oscillations can be termed as the control mode of oscillations [6].
Oscillations in the control mode are related with the generating unit controlling as well as
the controlling of other equipment. Controls which are not tuned well at the prime movers,
excitation systems, high-voltage direct current (HVDC) converters, and static var
compensators (SVC) are typical reasons of instability of the control mode. Sometimes,

tuning of the controls is hard to guarantee an acceptable damping of all modes [3].

1.2. Problems with Power System Oscillations

The power system oscillations themselves can be activated by some events such as a
disturbance occur at the power systems or fluctuating of the operating point of the system
across some boundaries of steady state stability. When undamped oscillations start, they
raise in magnitude concluded the extent of several seconds [2]. In some cases, the power
system oscillations cause large generators to lose synchronism of the electrical network.
Through slow cascading outages, the same effect can be reached when, the power system
oscillations are persistent and sturdy enough to lead to automatic uncoordinated
disconnection of the main loads or generators. When the continued oscillations don’t
produce disconnections in the networks or loss of resources, they can interrupt the power
system in other ways. As an example, the unacceptable voltage or frequency swings can
be associated with the power swings which can limit the power transfers even when, the

stability is not a direct concern [2].



The local mode or inter-area mode of oscillations which are not damped well, cause
pressures to the safe system operation. The inter-area mode of oscillations earn relatively
more attention, since these oscillations comprise with generating units in two or more
areas and presents of individual units may lead for larger oscillations in the tie lines. Inter-
area connections with bulk power can be affected significantly by this factor. The poorly
damped torsional mode of oscillations may result in the interruption in the generator,
because of the process of protective devices which are used to ward off the serious damage
occur to the shaft of turbine-generator unit. Hence, by means of wide-ranging power
system analysis, an adequate damping of the torsional mode of oscillations should be

guaranteed in the all possible operating points. [5]

The power system oscillations which are not properly controlled, that can lead to
interruptions in the power system or partial or full blackout of the system. Hence a
comprehensive understanding of this problem will help to find effective remedial ways,
means and measures to control them. There are number of mechanisms to mitigate the
damping of oscillations in power systems. The existing mechanisms to reduce the damping
of SSR and their defects are discussed in the later sections.

1.3. Motivation for the Research

As described in the section 1.2, power system oscillations can cause physical damages to
the power system equipment unless they are detected and mitigated punctually. Several
mitigation approaches for these different types of oscillations in power systems have been
proposed in literature. But existing mechanisms are not completely damp these oscillations
or the mechanisms used to damp these oscillations might be source for any other control
situations. This thesis mainly considers the Sub-Synchronous Resonance (SSR) which is
arisk situation. The SSR is a hazard situation from the oscillations in power systems which
are belong to the range of sub-synchronous frequencies. SSR can lead to huge damages to

the power system networks such as shaft stress and fatigues, possible damages and other



failures. Therefore, this is a phenomenon which should understand well and damped these
oscillations properly. The motivation of this thesis is to mitigate the undamped oscillations
in power systems properly which are in the sub-synchronous frequency range. Some
incidents cause by SSR phenomena are discussed below with the main incident and the

damage occurs in 1970 and 1971 at the power station, Mohave in southern Nevada.

In 1970 and also in 1971, the generator at Mohave power station experienced a vibration
which was increased gradually. As a result of this vibration, the shaft between generator
and rotating exciter was fractured. From the analysis of this incident, found that an
electrical resonance produced a torque at 29.5 Hz with the resonance frequency at 30.5 Hz
and the system frequency at 60 Hz. This electrical resonance was nearly equivalent with
the frequency of the second turbine-generator torsional mode of vibration which was at
the frequency, 30.1 Hz. This interface between the torsional system and series capacitors

came to be recognized as SSR. [6]

After this incident, many researches were done on SSR and the methods to mitigate these
resonances. This research also states a method to mitigate the SSR in a better way than the
existing researches by implementing a robust controller.

1.4. Thesis Outline
The remain of the thesis is ordered as mentioned below.

Chapter 2 presents a detailed description on sub-synchronous oscillations in power
systems, SSR in series capacitor compensated transmission lines and the types of sub-
synchronous oscillations in series capacitor compensated lines and a comprehensive
literature review on proposed techniques to damp SSR. Conventional solutions to sub-
synchronous resonance problems and the FACTS devices are include for the literature
review. Finally, the defects of the existing methods and the objectives of the research are

discussed.



Chapter 3 presents the methodology proposed for this research.

Chapter 4 presents the detailed development of the linearized state space representation
for the selected IEEE benchmark model. First, it is discussed why the test system was
selected. The conventional generator model, the generator model including the stator
transients, the network model the combination of the generator and network model, the
multi-mass turbine model, overall state space model, inceptive conditions of the test
system state variables and the eigenvalue analysis for the test system are indicated. Finally,

the model verification is also presented.

Chapter 5 presents the designing of the controller. First, the Ziegler Nichols (Z-N) method
to select the inceptive values for the P, I and D controller parameters and then, Simulated
Annealing Method to optimize the parameter values. Then simulation results obtain with

and without the PID controller are presented.



CHAPTER 02

SUB-SYNCHRONOUS OSCILLATIONS IN THE POWER SYSTEMS

In thermal power stations, sub-synchronous oscillation incident is an anomalous state
which the steam turbine unit, after disturbance is under particular operation state. On the
proceeding condition, significant energy exchange can be occurred between steam
turbine-generator set and electrical system at the synchronous frequency. There was a
severe damage on large-scale turbo- generator rotor shaft at Mohave Generating Station
in year 1970 and 1971 caused by series capacitor compensated transmission [7]. After this
damage, people in industry and academic started to study about sub-synchronous
oscillation problem fervently and achieved remarkable results in mechanism investigation

methods and the limiting methods.

AC transmission lines with series capacitor compensation and high voltage DC
transmission are generally applied to solve the problems with large-scale wind power
transmission systems because, the wind power station is distant from the load center.
Series capacitor compensation can induce problem of wind turbine with sub-synchronous
oscillation, affect the stable and safe operation of wind farms and also the power
transmission system. This chapter discuss about the sub-synchronous oscillations occur in
the power systems due to the series capacitor compensation and the sub-synchronous
resonance which is a special incident of the sub-synchronous oscillations. Then, discuss
about the existing solutions to mitigate sub-synchronous oscillations, their defects and the
objectives of this thesis.

2.1. SSR in Series Capacitor Compensated Transmission Line

In the power transmission systems, the capability of power transferring is limited because

of the inductive reactance of the power transmission line. To mitigate the inductive effect,



some compensation techniques are applied to the transmission lines. One such technique
is the series compensation using capacitor banks. Series compensation method is applied
to increase the system power by using a capacitor connected in series with the power
transmission line. The phenomenon is also can state as, inserting reactive power in series
with the power transmission line to improve the system impedance. This series
compensation phenomenon increases the power transferring capability of the transmission

line.

Although the increase of series compensation leads to the enhancement of the capability
of power transferring and the steady-state and transient stability limit of the transmission
line, it may also lead to the generation of some natural frequencies due to the combination
of inductor and capacitor (L-C). These frequencies are under the power frequency, which
are called as sub-synchronous frequencies as described in the section 1.1.3. If these
frequencies match with the turbine-generator unit’s natural torsional mode frequencies, it
may lead to fatal effects. Frequencies which are in sub-synchronous range and SSR can
be described by considering a RLC series connected branch as shown in Figure 2.1.

V(t)

Figure 0.1: RLC series connected branch

Where,

XL == (l)lL == anlL



1 1

X, = =
©7 w, € 2mfiC

Z(]a)l) = R +](JJ1L + (ja)1C)_1

v(t) = V2Vsin(wt + 0)

Laplace transform should be applied to the voltage and impedance equation and equations

2.1 and 2.2 give these two equations in Laplace domain.

Z(s)=R+sL+ : -
s) = s C

s.sinf + w,.cosO 0.2
V(s) = VoV ——— e

Then, the branch current is given by the equation 2.3 and that equation can solve further
as given in equation 2.4,

Vis) _ SV(S)/ L 0.3

4 |4
S -

S2 4+ 28wps + wp? (S — a)? + w,?

By considering voltage and current equations, some important terms can be defined as
follows,

e Undamped natural frequency, w, = i

10



c

e Damping ratio,€=§ -

e Dampingrate, a = —¢w,

e Damping frequency, w, = wy+/1 — &2
Inverse Laplace transform of the current can be given as in the equation 2.5.

i(t) = K[A.sin(w,t + ;) + B.e~$®2tsin (w,t + P,)] 0.5

Where,

V2w,CVcosh
[(w2? — w1?) + 482w 2 wy2)?

K =

1—-2aéw, + a’w,?
B = w1 1 —62

A= o TH@ay
d=1-¢

28wy w, )
(1)22 - (1)12

Y, = tan™? (ﬂ) —tan™! < —2dfw,’ )

1-aéw, 28w,% + w2 — w,2

Y, =0 +tan‘1<

In equation 2.5, the current response i(t), has two different frequencies w;and w,. w;isa
sinusoidal component at the dynamic voltage frequency and w, is a damped sinusoidal

component at a frequency which is depending on the network elements R, L and C and

it’s given by equation 2.6.

11



1 |4L — R4C 0.6
W, = dw, = wWy1— &2 =7 /¢ —

For a 3-phase network other two phases, phase B and C will have the two frequencies
present in their current responses with two different coefficients on the transient
component of the current response. When these types of currents flow in the generator
stator windings, Park’s transformation can be used to describe the physical process of

reflecting of currents into the generator mathematically. The Park’s transformation matrix
can be defined as shown in the equation 2.7.

1 1

1
V3 3 3

21
+ ) 0.7

Applying this transformation to the 3 phase currents will lead to terms such as cos0.sinwzt

and this 0 can be defined in terms of the base frequency of the machines as given in the
equation 2.8.

0.8
0=wt+d6+m/2
Therefore cos0.sinwot term can be written as in the equation 2.9.
. 1 . :
cosf.sinw,t = 5 [sin(0 + w,t) — sin(6 — w,t)]
0.9

= %{cos[(a)1 + wy)t + 8] — cos[(wy — wy)t + 6]}

12



From the equation 2.9, it is clear that currents with frequency w, can be transformed into
the currents which contain the frequencies of both the difference and sum of the two
frequencies. The differences of two frequencies, (w; — w,) are termed as sub-
synchronous frequencies. Currents with the sub-synchronous frequencies inject energy to
the shaft’s rotating mass and shaft torques can be produced on the rotor of the turbine-
generator. These torques lead to rotor oscillations with the frequencies in the range of sub-

synchronous.

The shaft of turbine-generator has natural mechanical oscillation modes typically at the
frequency range of sub-synchronous. If the sub-synchronous frequencies of the rotor
oscillations caused by shaft torques overlap with the natural mechanical oscillation modes
of the rotor shaft, the shaft will start to oscillate at the natural frequency. This is termed as

sub-synchronous resonance and this SSR can be led to,

e Stress in shaft and fatigues
e Possible damages

e Failures

2.2. Types of Sub-Synchronous Oscillations in Series Capacitor Compensated lines

2.2.1. Induction generator effect

This type of oscillations causes by purely electrical phenomenon. Sub-synchronous
currents are induced in the armature of the electrical machines by exciting the network
resonance frequencies. When consider a constant speed, the rotor of the synchronous
machine is rotating at the synchronous speed. This machine speed is faster than the rotating
magnetic field’s speed which is induced by the armature current in sub-synchronous range.
With these conditions the synchronous machine can be considered as performing like an
induction machine with a negative slip. When observed from the rotor terminals, the

armature resistance is negative with the negative slip. The electrical system is self-excited,
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if this negative network resistance exceeds the total network resistance. The self-excitation
of the electrical machines will make the current and voltage oscillations grow in the
network and eventually can leads to excessive currents and voltages which can damage

the generator. [16]
2.2.2. Torsional interaction

Torsional interaction is the result of SSR which is coupling between electrical and
mechanical phenomenon. In thermal generation units, number of steam turbines are
connected to the generator using a long shaft. The mechanical system of a thermal
generation unit has a number of natural frequencies, because of this multi mass unit.
Disturbances in both mechanical and electrical systems energize the natural modes.
Therefore, the mechanical torque in the turbine shaft system consists of its natural
frequencies and the electromagnetic torque developed by the currents in armature contain
with sub-synchronous frequency components corresponding to the network resonances. If
the induced sub-synchronous frequency in the electromechanical torque is close enough
to a natural frequency of the shaft of turbine-generator system, the oscillations of the
electrical system can aid to increase the oscillations in the mechanical system and vice

versa. This phenomenon is known as the torsional interaction. [16]
2.2.3. Transient torques

Transient torques are also resulting from SSR which is coupling between electrical and
mechanical phenomenon. Result from the disturbances in the system can be lead to
unexpected variations in the network, and thus the variations in currents can cause to
oscillate at the network natural frequencies. If any of those sub-synchronous network
frequencies overlap with a natural mode of a shaft of turbine-generator, large peak torques
which are proportional to the oscillating currents’ magnitude can be produced. Currents
produced by short circuits may develop very large torques on shaft when there is a fault

applied and cleared. [16]
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2.3.Proposed Techniques to mitigate sub-synchronous oscillations

Both synchronous and induction machines are self-excited by installing capacitors in
series on power transmission lines and it has been known for many years. But the
harshness of the harmful effects of series capacitors apply on electrical machines get
attention only after the failure of one of the exciter shafts in a machine at the Mohave
power station in October 1971 [6]. From this point several researches have been achieved
to investigate the SSR of synchronous generators with series capacitor compensated power
transmission lines and other devices such as HVDC converter terminals.

2.3.1. Conventional solutions to problems with SSR

The following solutions were proposed as conventional solutions to mitigate the effects of
SSR on generating units and power systems.

e Static filter

For recognized SSR modes in a system, a static filter can be used with a particular
bandwidth. A static filter arrangement can be either a damping circuit or a L-C filter. To
avoid sub-synchronous currents flowing again to the generator, the filter has to be in series
when located at the generator side. Otherwise, the static filter and the fixed series

compensation can be connected in parallel by way of a damping circuit.

e Dynamic filter

For several SSR modes, the dynamic filter is self-adaptable. Typically, connect a dynamic
filter with the generator unit in series and the derivation of the speed of the rotor has been
picked as the input for the frequency extraction of the SSR occurrence. When a sub-
synchronous component is sensed, a reverse direction sub-synchronous voltage can be
produced by the dynamic filter. The produced voltage can compensate the armature

voltage in sub-synchronous range.
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e Dynamic stabilizer

Dynamic stabilizer is consisted with shunt reactors which are controlled by thyristors.
These reactors are linked with the generator to control sub-synchronous oscillations.
Normally, a reactor connected in parallel is located at the generator low voltage winding
for the reactive power absorbing. The shunt reactors can be applied for SSR mitigation by
regulating thyristor units. The input is the speed derivation of the generator rotor and the
suitable waveforms can be produced by regulating thyristor units. The waveforms
produced by the thyristor units can be used to mitigate the sub-synchronous oscillation by

circulate them in the parallel circuit.

e Protective relays

Among the countermeasures of SSR, use of protective relays is a common method. A
protective relay is able to sense SSR happening in a network and the control signals can
be send to activate other units like circuit breakers or by-pass switches. The SSR
occurrence can be detected by either identifying speed of the rotor or identifying the

current flow of the generator armature.

By help of the installation of protective relays and filters, SSR mitigation is mainly
achieved in previously. However, some potential solutions are also existed with power
electronic based FACTS technology which was suggested by the researchers. The
proposed SSR mitigating arrangements which are built on the controllability of devices
with power electronics such as Static Var Compensator (SVC), Static Synchronous
Compensator (STATCOM) and Thyristor Controlled Series Compensation (TCSC) are

discussed in the following sections.
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2.3.2. Solutions from FACTS Devices

FACTS devices were developed rapidly through the past years. A better control for the
power system is allowed by these FACTS devices and there are several key parameters
such as the impedance of the system or the voltage at terminals.

FACTS devices use a power electronic based technology which leads to a quick response
for the system dynamics. From the FACT devices-based solutions the gaps between
different levels of control can be reduced and for a smooth operation of the system, consent
an advanced controllability. To control the parameters of the systems smoothly, several
FACTS devices have been proposed. A few widely used FACTS devices to mitigate SSR

are listed here.
2.3.2.1. Static VAr Compensator (SVC)

SVC has the capability of delivering and receiving the reactive power by connecting in
parallel. SVC can be applied to compensate the reactive power, control the voltage, damp
low-frequency oscillations and increase the stability in the power systems. The reference
[8] and [9] present two researches did on mitigating of the SSR in power systems by using
SVC.

The reference [8], uses the optimal control of SVC to damp the SSR in IEEE FBM model.
The linearized system is used to derive the state space representation of the system. Then,
the system stability is obtained by shifting the eigenvalues of the test system to the left of
the imaginary axis. It’s noticed that a respectable damping for the SSR is provided by the
optimum control and the system is stable for the power factor and the active power in

selected range.

The paper presents from reference [9], validates that grid connected wind farms with a
series capacitor compensation in power transmission line can have the sub-synchronous
oscillations. The selected power system is modelled using dynamic phasors to obtain the

small signal model. An SVC is used to damp the sub-synchronous oscillations while the
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line current is selected as the feedback signal. The results were applied and demonstrated
to a huge practical power system. When use the SVC in networks, these researches only
consider about the mitigation of SSR. But the SVC is developed not only to control the
SSR and it can affect for system in another away. These researches are focus only for a

unique operating point of the system.
2.3.2.2. Static Synchronous Series Compensator (SSSC)

SSSC is a series connected device which consists with a voltage source inverter and
through a coupling transformer, it connect to the transmission line. By adjusting the phase
angles of voltage and current, SSSC assists for a smooth control through the system
impedance. Hence, SSSC supports for the stability control of the system and power flow
control as well. The reference [10] and [11] present two researches which use the SSSC

to mitigate of the SSR in power systems.

In both reference [10] and [11], IEEE first benchmark model is selected to analysis the
designed controller and reference [10] selects the compensation level of the transmission
line as 55%. The paper presents from reference [10], proposes a fuzzy logic control (FLC)
for SSSC to damp the oscillations caused by SSR. SSSC base on FLC, provided better
results in rotor angle deviations, speed deviation and torque deviation by increasing its
damping and decreasing its steady state error. The paper presents from reference [11], use
SSSC to damp the sub-synchronous resonance with hysteresis current control. The validity
of the proposed controller by using SSSC, to reduce SSR due to the torsional interaction

is shown in [11].
2.3.2.3. Static Synchronous Compensator (STATCOM)

STATCOM is another FACT device comparable to SVC but it gives a quicker response
to the variations in voltage when use for controlling of the reactive power. The practice of
STATCOM to mitigate SSR is shown from two research papers, reference [12] and [13].

Both researches select IEEE first benchmark model as the test system. Reference [12]

18



selects 60% of series compensation level of the transmission line and reference [13] selects

18% to 33% of compensation level of the transmission line.

In reference [12], active compensation connected in parallel and passive compensation
connected in series presents by a STATCOM coupled at the electrical center of the power
transmission line are studied. An auxiliary sub-synchronous damping controller (SSDC)
with STATCOM used to damp the SSR produced by series capacitors. From the results of
this research, it shows that the SSR network characteristics are not changed significantly
due to the presence of STATCOM and properly designed SSDC is required to damp
critical torsional modes. In reference [13], integrating combined a wind turbine based on
self-excited induction generator is used to achieve the goal. It’s examined that the potential
occurrence and mitigation of the SSR in a series compensated wind park, produced by the
effects of induction generator and the torsional interactions. In the simulation results of
this research the controllers for mitigate SSR because of the raise of the series capacitor
compensation of the wind power plant compensated in series, perform well (compensation
level is increased only up to 33%). When designing the control loops for damping to the
STATCOM, the damping torque analysis is used. Therefore, for the torsional mode
frequencies, a net positive damping torque is provided. The proposed damping control
system decreases the highest point of the negative torque and protected greater margin of
stability which is called as the values of maximum time taken for fault clearing and the
critical speed of the induction generator rotors in the wind plant. The results from the
simulations of this research present a new method of using STATCOM for huge series
capacitor compensated wind power plants which expands the transient stability margin

significantly.
2.3.2.4. Thyristor-Controlled Series Compensator (TCSC)

TCSC is targeting to providing a smooth control through the system impedance by
connecting it in series with the system. TCSC consist with a series capacitor paralleled by

a reactor which is controlled by thyristors. Mainly TCSC is applied for the controlling and
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enhancing of power flow, stability improving and SSR mitigating. Two researches done
on SSR mitigation of IEEE first benchmark model with the help of TCSC are given in
reference [14] and [15]. The SSR torques of the electromechanical system was analysis
and damped in these researches. In reference [15], the eigenvalue methods and MATLAB
Simulink has been implemented for the analysis. It shows that, at the specified operating
point, the basic electromechanical system is unstable without TCSC. The TCSC is coupled
at the receiving end of the power transmission line control by the TCSC controller. Also,
it shows that, the critical torsional mode (with 56% of compensation level) is stabilized

with decent stability margin, when the TCSC is controlled with P1 controller.

2.4.Defects of the existing systems

Presently, there are many solutions invent to damp the sub-synchronous oscillations and
many researches prove that controlling methods are valid for specify operating points on
the system. The latest control technologies consist with power electronic based FACT
devices such as SVC, TCSC and STATCOM. These FACT devices are designed not only
to damp sub-synchronous resonance but also for many other options such as reactive
power control. Therefore, although these FACT controllers damped the sub-synchronous
oscillations, they may adversely affect on other oscillatory modes. These FACT devices
have operating limitations and therefore the controllers may not perform well under
several operating points of the system. The researches also validate these controllers only
with one or two operating points of the system. Hence, a robust PID controller which can
perform well under different operating conditions was designed as describe in following

sections
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2.5.0bjectives of the research

The main goal of this research is to design a robust controller to damp dominant sub-
synchronous oscillations and compare its performance with other existing types of
controllers. The implemented controller performs well in a specific range of operating
points of the system. The following approaches are proposed in this thesis to achieve the

above objectives.

1. Develop a linearized state space representation of an IEEE benchmark system and
investigate the sub-synchronous oscillations.

2. Design a robust controller to damp out dominant sub-synchronous oscillations.

3. Assess the performance of the designed robust controller with different operating

points in the system.

As describe in this chapter, different techniques are used to mitigate the sub-synchronous
oscillations and nowadays power electronic based FACTSs devices are mostly used for this
purpose. These devices are designed for other power system operations such as reactive
power control but not for mitigate sub-synchronous oscillation. However, these devices
are used for SSO mitigating by adding different changes. Therefore, these controlling
methods contain several defects as discussed. Objective of this research is to design a
robust controller which can perform better than the existing controllers in different

operating points of the selected test system to mitigate the sub-synchronous oscillations.
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CHAPTER 03

METHODOLOGY

3.1. Develop a linearized state space representation of the selected test system

Unstable or undamped electromechanical oscillations that are natural for the
interconnected systems are one of the main reasons of large-scale power system blackouts.
Because of several aspects such as dynamic complexity, increase of size and power system
utilization arrangement of suitable damping inhabits a significant research challenge.
There is a set of models of power system for benchmark as suggested by the IEEE Task
Force on Benchmark Systems for Stability Controls which was initiated by the Power
System Stability Controls Subcommittee of the Power System Dynamic Performance
Committee [20]. The ‘Benchmark system’ is a power system model which contains a set
of conventional stabilizers in the power system and these power system benchmark models
give a reference for measuring the performance of the damping of several damping

controllers and regulation methods for the research community.

First, one of these benchmark models should be selected as the test system. The non-linear
models of these IEEE benchmark models can find from the examples of PSCAD software
and have to derive the linearized model for further works. To study SSR events, there are
several study tools such as scanning of frequency, complex torque coefficient and analysis

of eigenvalues.

Among these methods, analysis of eigenvalue method was used for study the SSR event.
Sub-synchronous oscillations and resonance can be observed from the frequencies of the
eigenvalues obtain from the linearized test system. The linearized state space
representation of the selected power system should be in the form of equation 3.1 and 3.2.
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Eigenvalues of the power system can be observed from the state matrix (4) of equation
3.1

AX = AAX + BAU 3.1

AY = CAX 3.2

3.2. Validate the linearized model

The test system has to be linearized by ignoring the higher order terms using Taylor series.
Hence, final linearized model should check for the validation with the non-linearized
model. Frequencies of the power system were considered for this validation. If the
frequencies of the output waveform of the linearized model are matched with output
waveform frequencies of the nonlinear model, linearized model can be assumed to be
correctly representing the linear dynamics at the operating point. The FFT analysis tool in

MATLAB can be used for this frequency analyze.
3.3. Designing the controller

A robust controller should design to damp out the sub-synchronous oscillations of the
selected test system. A PID controller is proposed with a suitable method of optimization
to perform well under different operating conditions. The operating point of the test system
is changed by varying the compensation percentage. Series capacitor compensation level
is the percentage of the capacitor value connected series in the transmission line with the
total inductor value of the transmission line. Hence, the operating point of the test system

can be changed by changing the series connected capacitor value in the transmission line.

Then, the designed controller’s performance should be evaluated with several operating

points by using the linearized system and the original nonlinear test system.
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CHAPTER 04
MODELLING THE SYSTEM

4.1. Test system

IEEE FBM was selected for this study as the test system. IEEE Working Group on Sub-
Synchronous Resonance developed the IEEE FBM in 1977 to implement a model for the
benchmark which can be applied as a reference for the evaluation of several approaches
of computer-related simulations and analysis [20]. As shown in Figure 4.1, the system
comprises a single generator and a series capacitor compensated transmission line is used
to connect the generator to an infinite bus. The following section explain the procedure
for deriving the linearized model of IEEE FBM model.

Xr R Xy Xo
=N | |
(i\f/ | §§ | M\ NV 1 |

A Y—_L

Figure 4.1: IEEE first benchmark model

The Table 4.1 shows the per unit values of the network impedances on the base of 892.4
MVA [18].

Table 4.1: Per unit values of the network impedance on the base of 892.4 MVA

Positive Sequence of the Zero Sequence of the
Parameter ] )
impedance impedance
R 0.02 0.5
Xt 0.14 0.14
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XL 0.5 1.56

Ksys 0.06 0.06

Xc (70% compensation) 0.35 0.35

The rotor model of the IEEE FBM is given from the Figure 4.2. This is represented with
several turbine units which can modelled separately. Table 4.2 gives the data of the rotor

model.
HP [P LPA LPB GEN EXC
Figure 4.2: rotor model of the IEEE FBM
Table 4.2: Data of the IEEE FBM rotor model
Inertia _ Spring Constant, K
Shaft section )
constant, H in p.u. T/rad
High Pressure turbine (HP) 0.0929 HP-IP 19.303
Intermediate Pressure turbine
0.1556 IP-LPA 34.929
(1P)
Low Pressure A turbine
0.8587 LPA-LPB 52.038
(LPA)
Low Pressure B turbine (LPB) 0.8842 LPB-GEN 70.858
Generator (GEN) 0.8685 GEN-EXC 2.82
Exciter (EXC) 0.0342
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The non-linear model of IEEE FBM is already modelled in PSCAD software. Figure 4.3
illustrates the PSCAD model of FBM with 70% of series capacitor compensation and the
transmission line is subjected to a three-phase ground fault at 1.5 seconds. In this PSCAD
model the synchronous generator take 1.1 seconds to enable. Simulation results of some
variable such as speed of the generator, load angle, generator output voltage, with and
without the series compensation are shown in figure 4.4 and 4.5 respectively.
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Figure 4.3: PSCAD model of IEEE FBM with 70% series compensation level and a three-phase to ground fault at 1.5 s.
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4.1.1. Conventional generator model

Without considering the stator transients the synchronous generator was modeled using

6" order model. This generator model represents the dynamic behavior of the generator

rotor, field winding along the d-axis and two damper windings along g-axis. Equations

from 4.1 to 4.6 show the corresponding differential equations and figure 4.6 illustrates the

equivalent circuit of the synchronous generator. And the synchronous generator machine

parameters with 892.4 MVA base is given in table 4.2.

Table 4.3: Synchronous generator machine parameters with 892.4 MVA base

Parameter | Units(p.u.) | Parameter | Units(p.u.) | Parameter | Units(p.u.)
Lqd 1.79 Tdop 4.3 Lad, Lag 1.666, 1.58
Lq 1.71 Taop 0.032 Rrd, Ltd 0.011, 1.7
Ra 0.0015 Tdopp 0.85 Rid 0.0037
Lap 0.169 Taopp 0.05 Lid 1.666
Lapp 0.228 Tap 0.40598 Riq 0.0053
Lq 0.135 Top 0.02556 Liq 0.695
Lap 0.2 Tepp 0.11333 Raq 0.0182
Lgpp 0.13 Tapp 0.04386 R2q 1.825
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Figure 4.6: Equivalent circuit of the synchronous generator
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By using Taylor series, equations for small signal model were derive and given by the
equations from 4.7 to 4.12.

i = =g~ G = G R+ S
+—L;;;gjz°A s (- Dt L) 47
(55 +55) i+ 7,
AS = wy Aw, 4.8

. woR woReyL woReyL
A(Pfd:<_ 0 fd+ 0\ fd adpp)A fd+ 0\ fd adppA(pld

Lq L7, LfqLia 4.9

_ wORdeadpp Aid + wORfd AE 4
Lfd ad !

Pra

0™1d 0 1d adpp 0Mt1d a‘dpp

Ap,y =|—
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The generator state space model is given by equation 4.13. The model is given in the form
of AXyq = AgaAXyq + ByaAUyq + Cyqlly,. There are six state variables, rotor speed
(wy), rotor angle (&), d-axis field winding flux (¢f,), d-axis damper winding flux (¢44),
g-axis first damper winding flux (¢,,) and g-axis second damper winding flux (¢,,) and
two inputs: mechanical torque (T;,,) and voltage applied to the field winding (Ef4) in the

system.

[ Aw, ] o
o (11 0 Qi3¢ Q140 Asa  A6a] Aw,
A.6 az1qa O 0 0 0 0 AS
A(p,fd _| 0 0 asa Gz O 0 |[A¢ra
Agblq 0 0 0 0 U550 Qsea A(plq
_A(,bzq_ - 0 0 0 0 Ae5a Ae6a _A(qu_ 4.13
b11a 0 7 (1110 l124]
0 0 0 0
4| O D3 ATm] L |sa 0 Aid]
0 0 AEfd l41a 0 Aiq
0 0 0 i52a
- 0 0 - L 0 l62q

The parameters of the 4,4, matrix are given by,
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The parameters of the By, matrix are given by,
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The parameters of the C,, matrix are given by,
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4.1.2. Generator model including stator transients

To observe the sub-synchronous oscillations, AC network was represented using a
dynamic phasor model in this study. In that case two additional differential equations were
used to represent the stator dynamics in d and q axes. Therefore, an 8th order model for
the round rotor type generator was formulated.

When consider the stator transient, currents in d and g axes can be represented by the
equations 4.14 and 4.15 respectively.

Aig = Kg3pApq + KgapA@rq + KaspAP1a 4.14

Aiq = q6bA§0q + Kq7bA(p1q + KquAq)Zq 4.15
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Where,

K =

asb LiLgLfgLiq Lg
K.\ = Lapp

d4b LiLfq
Koo, — dpp

d5b LiLig

1
L - -
1 1 1 1
app — 1, 1 1,1
Ly Lgg Lfg Lia

_ Laglgpp(Ligtlag) 1

K =
q6b LiLgLigLag Lq
L
K. = Lavp
q7b LiL1g
L
K. — Llap
q8b LiLag

1
Lqpp:1 T 1, 1

L] Laq Liq L2g

Equations for stator transient are given in equations 4.16 and 4.17.

Pq = [eq + Wy Pq + Raiglwg

¢q = [eq + wr@pq + Raiq]wo

_ _ Laglapp(Lgatlia) 1

4.16

4.17

Equations 4.18 and 4.19 represent the linearized equations, of these non-linear equations

(equation 4.16 and 4.17) which were linearized by using Taylor Series.
A(,bd = [Aeg + wA@g + Ry Alg]w,

A, = [Aey + w DM@y + RyAig|wg

36

4.18

4.19



Aig4 and Ai, of equations 4.18,4.19 and 4.13 can be replaced by using equations 4.14 and
4.15.

Then the 8™ order generator state space model is given by equation 4.20. The model is
given in the form of Ang = AgpAXgp + BgpAUg, + Dy AE,,,. There are 8 state variables,

rotor speed (w,.), rotor angle (&), flux of the d-axis stator winding (¢), flux of the d-axis

field winding (¢f4), flux of the damper winding of d-axis (¢44), flux of the g-axis stator
winding (¢,), flux of the g-axis first damper winding (¢,,) and flux of the g-axis second
damper winding (¢,) and two inputs: mechanical torque (T,) and voltage applied to the

field winding (Ef4) in the system.

_Ac'()r_

A5 a1y 0 Quzp Guap Qusp Gaep  Qazp  Gagp][ A9r]
A ayp 0 0 0 0 0 0 0 || Ad
(Pd 0 0 aszsp Gzap Azsp  A3ep 0 0 Apq
Agra | 0 0 agp aup as, O 0 0 ||A®ra
Apig| | 0 0 ass, asyy assp, O 0 0 [|AP1q
A, 0 0 agp O 0  Geep Qe7p  Qssp || A9
A¢1q 0 0 0 0 0 Q76p  Q77p  Qzgp || AP1q
Ag, L 0 0 0 0 0 agep ag7p Gggp! [A@,q ] 4.20
[Apaq ]
by 0 0 0
0 0 0 0
0 0 dsypy O
| 0 Dbaz ATm] 4| 0 0 Aed]
0 0 | [AEfq 0 0 | lAeq
0 0 0 deyp
0 0 0 0
L0 0 A L 0 (Ve

The parameters of the A, matrix is given by,

Kp WoR1dLladpp
Ay =~ aszp = ~Kazp —— ———
_ Paq , Ladppiqo woR1qLad woR14Lad
Ai3p = Kd3b (E + T Asyp = #pp - Kd4—b L—pp
1dlfa 1d
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a - _ Ladppiqo + ((Paq + Ladppiqo)
14b 2HLgq a4b \ 2n 2H
_ Ladppiqo Paq Ladppiqo
Qisp = —— T Kasp (S +——
2HL1g 2H 2H
Pad LaqppidO)
aep = K (— Pad _ Lagppldo
16b q6b H pye
Lagppido $ad _ Lagpplao
p ==, — +Kgop\ =5 ———
2HL1q a 2H 2H
Qe — Lagppldo T K (_ Pad _ LaqppidO)
180 ™ 2HL,, asb \ " 2n 2H
az1p = Wo

aszzp = WoRyKy3p
Azap = WoRyKgap

azsp = WoRyKysp

QA36p = Wo
_ WoRfqLadpp
Aya3p = —Kazp —Lfd
_ WoRfg WoRfqLgdpp
Aaap =\~ + 2 -
Lfa Lfg
WoRfqLadpp
Kd4-b I
fd
__ woRrqLadpp K WoRfqLadpp
Aasp = —F . —Bgsp——
LfgLig Lfg
woR1q , WoR1idlad wWoR1qLlaqg
assp = (———=+ 8 ) = Kggp ——
Liq Lia L1a
QAe3p = Wo

Aeep = WoRqKyep
Ae7p = WoRqKy7p
Aegp = WoRqKysp

WoR1gLagpp
a76p = —Kgep L.
1q
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_ [ _®@oRig | wWoRiglagpp - K WoR1gLagpp
A77p = 4’ —

2
Liq Liq Liq

WoRigLlagpp K WoR1gLagpp

a =
78b Liqlzg q8b Lig
_ WoR2qLagpp
Qdgep = —Rgeb —qu
_ @oRzqLlagpp WoR2qLagpp
agzp =———— — Kgzp—————

Lyqliq Lzq

wWoR2q  WoRzqLagpp WoR2qLagpp
Qggp = (‘ L + 2 — Kqsp — 7
2q 2q 2q

The parameters of the B, matrix is given by,

1

bi1p = —
11b 2H
_ @oRga
b42b - L
ad

The parameters of the Dy, matrix are given by,
d31p = Wo

de2p = Wy

4.1.3. Network model

Network of the selected bench mark model has series compensated transmission line as

shown in figure 4.7. This network model should represent using dynamic phasor model to

eliminate e, and e, in equation 4.20 which are d and g components of the terminal voltage

of the generator (E;). Equations for the network using dynamic phasor model are shown

in equation 4.21 and 4.22.
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Figure 4.7: Series compensated transmission line

dI(RI)
Ecrny — Egry = Rl + (XL + Xsys) T + Ecri 4.21
dEC(RI) 1
———=—1Irp 4.22
dt X,

Where,

Ep(rry = Epr + jEpr
Eirp = Ewr +JEu
Ecwrn = Ecr +JjEci

Irpy = Ig + j1;

Equation 4.21 and 4.22 are written by taking a reference frame which is known as “R-1”
frame. Those equations should transformed into “d-q” frame to substitute e, and e, in
equation 4.16 and 4.17. The transformation from common reference frame to machine d-
g frame is shown in figure 4.8. The relationship between the quantities in “d-q” frame and
“R-I” frame is given by the equation 4.23 and 4.24.
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Figure 4.8: transformation from common reference frame to machine d-q frame

[eq] _ [0056 sind ] [ER] 423
€q sind —cos8l | E;

[l:q] _ [0056 siné ] [IR] 4.24
ig sind —cos8l L

cosé  sind

Take, [sin6 —cosd

|=k=k"

[—sin6 cosd ]
cosd  sind

Then equation 4.23 and 4.24 can multiply by K to transform them into d-q frame as given
by equations 4.25 and 4.26.

dI(RI)
K&wn—K%mn=kam+Cn+XWQKjE—+K&mU 4.25

dEC(RI) _ 1

—KI 4.26
dt X, ®D

Equation 4.25 and 4.26 can be written as given in equation 4.27 and 4.28.
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dK " ga)
Et(qa) ~ En(qa) = Rlqa) + (Xu + Xoys) K ——="= + Eccqay #27

-1
KM - ll 4.28

dt Xc @

By simplify equation 4.27 and 4.28, g and d components of the equations can be given as
in equation 4.29 to 4.32.

eq — Epqg = Rl + (X, + Xgps)[I; + Law,] + Ecq 4.29
ea — Epa = Rlg + (X, + Xsys)[la — Iy0r| + Eca 4.30
E¢q = v la = Ecawr 4.31

C

. 1
ECd = )(_Id + EquT 4.32

c

Where,
Egq = Egcosé and Egy = Egsind

After linearizing equations 4.29 to 4.32 and substitute I'q and I; from equations 4.14, 4.15
and 4.24, A<;oq and A can be given as in equation 4.33 and 4.34. Two components of the

voltage across the capacitor is given by equation 4.35 and 4.36.

Aqu = Ag1p18Wy + A62p1A8 + Ae3p18Qg + Aean1APra + Aesp1AP14

+ Ae6p18¢Pq + A67p18¢P1q + Aegp1AP24 + Agop1AE g 4.33

APg = az1p1Awy + A32p1A8 + A33p100 4 + A34p10@7q + 35510014

+ a36p18¢04 + A37p18@14 + A38p18¢024 + A310018Ecq
+ b32p18Erg

4.34
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AEcq = A91p1AWr + Aoep1A@q + Ag7p1AP14 + Aogp1AP2q + A910p18E g 435

AEcq = a101p180r + 10301804 + A104p18¢Pfa + A105518¢14 436

+ a109p18E¢q

Where,

Ae1p1 = Wo(Xp + Xsys)iao/ (1 + wo (X, + Xsys)Kgep)

Ae2p1 = WoEpCos (6) /(1 + wo(Xy, + Xsys)Kgen)

Ap3p1 = [wO(XL + Xsys)Kd3b + ag3p]/ (1 + wo (XL, + Xsys)Kqep)
Aoap1 = Wo(Xp + Xsys)Kaap /(1 + wo(X, + Xsy5)Kgen)

Aesp1 = Wo(Xp + Xgys)Kasp /(1 + wo (X + Xsys)Kqep)

Aesp1 = {(Uo(XL + Xsys)(Kq7ba76b + Kq8ba86b) + agep + WoKgep R}/ (1 + wo (X, +

Xsys)Kq6b)

Ae7p1 = {wO(XL + Xsys)(Kq7ba77b + Kq8ba87b) + ag7p + WoKg7p R}/ (1 + wo (X, +

Xsys)Kq6b)

aespr = {wo (X, + Xsys) (Kg7p78p + Kgepssn) + Assp + 0oKgen R}/ (1 + wo(X, +
Xsys)Kq6b)

Aeop1 = Wo/ (1 + wo(Xy, + Xsys)Kgep)
az1p1 = —wo (X, + Xgys)igo/(1 + wo(Xy, + Xsys)Kasp)
A3zp1 = —woEgsing) /(1 + wo (X, + Xsys)Kasp)

az3p1 = {00 (XL + Xsys) (KaapQazp + Kaspasap) + azzp + 0oKazpR}Y/ (1 + wo(Xy, +
Xsys)Kd3b)
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A3s4p1 = {wO(XL + Xsys)(Kd4ba44b + KgspQsap) + Azap + 0oKgapRY/ (1 + wo (X, +
Xsys)KdSb)

A3sp1 = {wo(XL + Xsys)(Kd4ba45b + Kaspassp) + azsp + woKaspRY/ (1 + wo (X, +

Xsys)Kasp)

A36p1 = [—wo(XL + Xsys)Kq6b + asepl/(1 + wo (X, + Xsys)Kasp)
Az7p1 = —Wo (XL, + Xsys)Kg7p /(1 + wo (X + Xsys)Kazp)
asgpr = —Wo (X, + Xsys)Kgsn/(1 + wo (X, + Xgys)Kasp)
asz1op1 = Wo/ (1 + wo(Xy, + Xsys)Kasp)

b3zp1 = wo(Xy, + Xsys)Kaapbazp /(1 + wo (X, + Xsy6)Kasp)
A91p1 = —Ecao

Aogp1 = Kq6b/XC

QAg7p1 = Kq7b/XC

QAogp1 = Kq8b/XC

Ag10p1 = —1

10101 = Ecqo

a103p1 = Kazn/Xc

A104p1 = Kaan/Xc

10501 = Kasp/Xc

A109p1 = 1
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4.1.4. Generator and network model

Combination of generator model and network model can be derived by eliminating Aey
and Ae, of equation 4.20 using equation 4.33 and 4.34. d-q components of the capacitor
voltage are considered as state variables. The 10" order combined state space model is
given by equation 4.37. The model is given in the form of AXg = AyAXy + ByAU,. There

are 10 state variables, rotor speed (w,), rotor angle (&), flux of the d-axis stator winding

(@q), flux of the d-axis field winding (¢y4), flux of the damper winding of d-axis (¢14),
flux of the g-axis stator winding (¢,), flux of the g-axis first damper winding (¢4,), flux
of the g-axis second damper winding (¢,4) , d component of capacitor voltage (E.4) and
g component of capacitor voltage (E.,) and two inputs: mechanical torque (T;,) and

voltage applied to the field winding (Ef4) in the system.
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4.1.5. Multi-mass turbine model

Figure 4.9: The multi mass turbine model

The multi mass turbine model with four turbines (High pressure, Intermediate pressure,
Low pressure A and Low pressure B), generator and exciter shown in figure 4.9 is used in
the analysis. The speed and the rotor angle of each mass unit are selected as state variables.
The dynamic equations of the speed and the rotor angle of each mass unit are given by
equations 4.38 and 4.39.

2HAw, = K; i1 (A8i41 — AS8) — Ki_1 ;(AS; — AS;_1)—KgiAw; + AT; 4.38

AS, = wy Aw; 4.39

Where,
K; ; represents the spring constant between i mass and j™ mass

H; represents the inertia constant of i mass
K; represents the damping coefficient of i mass

T; represents the torque generated by i mass
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4.1.6. Overall state space model.

The 20" order overall state space model is given by equation 4.40. The model is given in
the form of AX = AgysAX + Bgy,AU. There are 20 state variables, rotor speed (w,.), rotor
angle (8), flux of the d-axis stator winding (¢), flux of the d-axis field winding (@),
flux of the damper winding of d-axis (¢,4), flux of the g-axis stator winding (¢,), flux of
the g-axis first damper winding (¢,,), flux of the g-axis second damper winding (¢,,) , d
component of capacitor voltage (E.,), g component of capacitor voltage (E.,), rotor speed
of LPB turbine (w,), rotor angle of LPB turbine (8,), rotor speed of LPA turbine (w;),
rotor angle of LPA turbine (653), rotor speed of IP turbine (w,), rotor angle of IP turbine
(6,4), rotor speed of HP turbine (ws), rotor angle of HP turbine (Js), rotor speed of the
exciter mass (w,) and rotor angle of the exciter mass (6,), and two inputs: mechanical

torque (7,) and voltage applied to the field winding (Ef,) in the system.

For the analysis output of the overall system is taken as the rotor speed (w,-) and given by
the equation 4.41. Output equation for the overall system is given in the form of AY =
CsysDX.

AXox1 = Asysz()xzoAXZOXl + BsySZOXZAUZXI 4.40
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Where,

AXzox1 = [Awr
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New parameters of matrix Asys_

a112p1 = K12/2H,y

a120p1 = Ko1/2H,

a112p = K12/2H,

a11110 = —Kaz/2H;

A11120 = — (K3 + K12)/2H,
a1114» = K23/2H,

Q12110 = Wo

13120 = Ka3/2H3

a1313p = —Kaz/2H3

a1314p = — (K34 + K33)/2H;
Q13160 = K3z4/2H;3

QA1413p = Wo

A1514p = K34/2H,

Q15150 = —Kqa/2H,

New parameters of matrix Bsy,, =

bi11p = 0.22/2H,
biz1p = 0.22/2H,
bisp = 0.26/2H,

b171b = O3/2H5

Where,

2

AYyyq =

SYS1x20

, are given by,

a1516p = —(Kas + K34)/2H,
a1518p = Kas/2H,

Q16150 = Wo

a17160 = Kas/2Hs

a1717p = —Kas/2Hs

a1718p = —Kys/2Hs

Q1817p = Wo

A192p = Ko1/2H,

A1919p = —Kao/2H,

A19200 = —Ko1/2H,

QAz019p = Wy

, are given by,

AXv20><1
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4.2. Inceptive conditions of the state variables of the selected power system

The inceptive conditions (the values at steady state condition) of the state variables of the
selected system are derived by solving some algebraic equations as given below. In power
system studies, a power flow analysis is conducted to recognize the operating point. For
this analysis the outputs that gives the active power (P), reactive power (Q), angle of the
voltage (0) and magnitude of the voltage (V) at individual bus together with the generator
bus are used. This is the preliminary point for the initial condition calculation of the state

variables.

For this test system, the armature current (I,) of the synchronous generator can be
calculated from the equation 4.42 and the voltage behind X, (e;46) can be calculated by

using equation 4.43.

Fy—Jj@Q
I2@=-2—9
a [{'9499 4.42
eqs8 = V320, + (Rq + jXg)1,20 4.43

Then other initial values of the state variables which are required for the calculations, can

be derived by using equations 4.44 to 4.53.

ig = —lgsin (6 — @) 4.44

ig = Igcos (6 — 0) 4.45
Vg = —Vgsin (6 — 6;) 4.46
vy = Vycos (6 — 6;) 4.47
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Efd = Eq -

Pra

Qq = Xglg +
Pq = Xqlq

Xq
=@qt

Xg—
P1a = Pa

P1q = P2q =

(Xa — Xg)ia

P
% F
Xap ¢

Pq

4.48

4.49

4.50

4.51

4.52

4.53

The values of the state variables of the test system at the steady state condition is given by

table 4.3.
Table 4.4: Values of state variables at steady state condition
g 0.9639 P4 2.5721
iq 0.1972 ®q 0.3372
Vg 0.4779 Pra 2.6604
Vg 0.8784 P14 2.5721
Efd 0.8466 P1q, P2gq 0.3372

4.3. Eigenvalue analysis for the test system

The overall state space representation of the linearized system (multi-mass model,

generator model and network model) has the form AX = AgsAX + Bs,,sAU. This system

is 20" order system and there should be 20 eigenvalues. The eigenvalues (Asys) of this

linear system can be derived by the matrix equation shown in equation 4.54.
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det[Agys] —

Asys] =0

4.54

Linearized overall system is coded using MATLAB software to derive matrix Ag,,¢ and

matrix Bsys and using equation 4.54, eigenvalues of the system under 80 % of series

capacitor compensation was found as given in Table 4.4.

Table 4.5: Eigenvalues of the system under 80 % of series capacitor compensation

Number of the _ )
eigenvalue Real part Imaginary part Imaginary part (Hz)

1,2 -0.36 +298.16 +47.43
3,4 -0.12 +202.84 +32.28
5,6 -0. 35 +160.50 +25.46

7 -34.8 0 0
8,9 -1.32 +126.93 +20.20
10,11 0.35 +98.72 +15.71
12,13 -9.34 +110.97 +17.66
14,15 -1.32 +40.70 16.48

16 -19.39 0 0

17 -1.98 0 0

18 -0.03 0 0

19,20 -0.27 +0 +0
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From the table 4.4, it’s clear that two eigenvalues of the power system are on the right-
hand side from the imaginary axis and some eigenvalues have frequencies in sub-
synchronous range. Hence, the system is not stable at the considered operating point of
the system. The linear model of the same system has been derived in reference [18] for

SSR studies and it is shown there the system is unstable at 70 % of compensation level.

4.4. Model verification

The test system was linearized by ignoring all the higher order terms of the 20th order
system using Taylor series. Hence, final linearized model should be checked for the
validation and the frequencies of the system were considered for this validation. The
linearized model is validated by applying 1% disturbance on the system input, E¢q. For the
inputs, Tm and Eq, the speed variation of the linearized model was compared with the
non-linearized model which was developed using PSCAD. Figure 4.10 shows the speed

variations of the linearized small signal model and the non-linearized model.

Figure 4.10: Speed variation of linear and nonlinear models

Further, to analyze the frequencies of the system FFT analysis tool in MATLAB software
was used. Linearized model was coded in MALTAB software itself and the original non-

linear system was simulated using PSCAD software and data of the output waveform were
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transfer to the MATLAB software for FFT analysis. It was proved the frequency range of
the linearized system is coherence with the frequency range of the original system. Results
from FFT analysis tool for the non-linearized model is given in Figure 4.11. Frequencies
of the Linearized model derived by the eigenvalues, were compared with the frequencies

of the non-linearized model in Table 4.6.
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Figure 4.111: FFT for non-linear model

Table 4.6: Frequency Comparison of the Linear and Non-linear Models

Frequencies of linear model Frequencies of non-linear model
47.43 47.4
32.28 32.4
25.46 25.2
20.20 20.4
15.71 15.6
17.66 17.4
6.48 6.6
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CHAPTER 05
DESIGNING THE CONTROLLER

In the previous section all the calculations were done for only one operating point of the
test system, 70% of series compensation. Controller is designed to perform well on
different operating points by changing the compensation percentage. Hence, value of the

capacitor in the linear model is set to be varied when designing the controller.

A PID controller was designed for this multi-input linearized test system and rotor speed
was taken as the output of the system. Since, this test system is an unstable system, to
select the inceptive values of P, | and D controller parameters, Ziegler Nichols (Z-N)
method is used for separate inputs with consider only one operating point (80% series
compensation). Then, simulated annealing method was used as the optimization method

to optimize the controller to perform well under different operating points.

5.1. Ziegler Nichols (Z-N) method

The Ziegler—Nichols method practices to tune a PID controller and this is known as
an experimental method which starts the performance by keeping the derivative (D) and
integral (1) gains to zero. The ultimate gain, Ky can be derived by increasing the
proportional (P) gain, Kp from zero until the control loop output has consistent and stable
oscillation. Ultimate gain, Ky and the period of oscillation, Ty are used to derive the P, I,
and D controller gains which are dependent on the controller type used. Setting of P, I,

and D gains with the controller type is shown in table5.1.

Table 5.1: Setting of P, I, and D gains with the controller type

Type of the
Kp Ti T4 Ki Ky
control
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P 0.5K, - - - -

Pl 0.45K, Tu/1.2 - 0.54Ku/ Ty -
PD 0.8Ky - Tu/8 - Ky Tu/10
PID 0.6Ky Tu/ 2 Tu/8 12Ky /Tu | 3Ky Tu/40

This method can only use for single input single output systems. Hence, the two inputs,
mechanical torque of the synchronous generator (T,,) and voltage given to the field
winding of the generator (Ef,), were separately selected to guess the initial parameters of
PID the controller on 80% series compensation of the test system. To find K, and Ty
values, “Control System Designer” toolbox in MATLAB software was used. Ky and Ty

values and initial P, | and D gains are given in the table 5.2.

Table 5.2: K, and T, values and initial P, I and D gains

Input Ku Ty Kp Ti T4 Ki Kd
1(Tm) 4.89 3.95 29 1.98 0.49 2.9 1.45
2 (Efa) 0.43 2.2 0.3 1.1 0.28 2.6 0.8

5.2. Simulated Annealing Method

Simulated annealing (SA) is an optimization technique and has been used in [19] to tune
a frequency domain controller for Voltage Sourced Converter (VSC) systems. In this
optimization method, the state of a physical system and the objective function which has
to be minimized, is comparable with the total energy of the system in that state. The aim
is to move the system from a random initial state to a state with the minimum possible

energy.
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The small signal model of the selected power system is derived by considering a specific
operating point and the matrix As,s and B,s of the system depend on the operating point.
By observing the eigenvalues of the state matrix (Agys), stability of the system at a
particular operating point can be decided. If all eigenvalues of the power system are on
the left hand side of the complex plane, the particular system is said to be stable. For a
particular operating point, the position of eigenvalues of the system can be affected by the
controller gains. Hence, by considering the more than one operating point, effect of the
controller gains on the stability of the overall system can be observed. Although the
transient performance of a disturbance is typically controlled by the non-linearities such
as non-linear gains and limits, the recovery of the system after a disturbance is determined
by the eigenvalues of the system [19]. To achieve a better performance of the controller,
all eigenvalues of the particular system should be on the left hand side of the complex
plane and all oscillatory modes should be improved the damping for all selected operating

points.

5.2.1. Objective function
The objective function use for the optimization is given in equation 5.1.

N M
0= z z (pe(nm) 4 patnm)y 5.1

n=1m=1

Where,

In the equation 5.1, M represents the number of eigenvalues of the system and N represents
the number of selected operating points. P¢(™™ and P¢(™™) are to determine the penalty

functions for eigenvalues and oscillation modes respectively.

Pe(n,m) — { 0 if fm = Ed
&4 — & else
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where, &, = desired location of the eigenvalue

pdmm) — { 0 if om < 0g
om — 0y else

where, g;= desired damping value

In simulated annealing method, there are two loops, outer loop with iteration 1 (iterl) and
inner loop with iteration 2 (iter2). According to equation 5.2, control parameter (C) is
reduced at each iteration of the outer loop. The new solution can be accepted, when the
objective function is reduced. When the objective function is raised, the Metropolis
criteria, which is given in equation 5.3 is used to observe the acceptability of the new

solution or otherwise, previous solution is stored as the current best solution.

C(iter;) = K¢ X C(iter; — 1) 5.2

where K. is a value close to and less than 1.

AO

New solution = jaccept  if e K€ > rdm() 5.3
reject  else

After the inner loop performed, Kp, K; and K4 gain values are calculated using random
numbers as give in equation 5.4 to 5.6. The optimization parameters are given in Table
5.3.

Kp(new) = Kp(old) + fp * (rdm() — 0.5) 5.4
K;(new) = K;(old) + f; * (rdm() — 0.5) 55
Kp(new) = Kp(old) + fp * (rdm() — 0.5) 5.6
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Here, rdm() is an arbitrary value between 0 and 1. f» , f; and f;, are assigned to measure

the variations which are applied to the PID controller gains.

Table 5.3: Optimization parameters

j 20 Iterlmax 1000

i 6 Mi, M2 30,5
fracP 0.01 C 1
fracl 0.01 Co 0.001
fracD 0.01 Kc 0.98

5.3. Simulation results

After applying the controller which was coded using MATLAB software, the values of
the controller parameters were changed and table 5.4 shows the initial controller gain
values and optimized controller gain values. The optimized controller gains were applied
to the overall system as shown in Figure 5.2 by applying 1% disturbance on the system
input, Ers with different line compensation levels separately. Table 5.5 shows the
eigenvalues, oscillation frequency and damping factor of the overall controlled system in
the sub-synchronous mode with different operating points. Six operating points were
selected by changing the line compensation level from 30% to 80%. Reference [17] gives
a comparative study of SSR characteristics of two FACTs controllers, TCSC and SSSC
based on the analysis of IEEE first benchmark model with 40% of series capacitor
compensation level. The eigen values of the system with designed PID controller with
40% compensation level and these two FACTS controllers are compare in Table 5.6. The

corresponding eigen values are plotted in figure 5.1.
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The designed PID controller was applied to the nonlinear model which was simulated on
PSCAD software as shown in Figure 5.2. The simulation results for the output waveform
(the generator speed waveform) of nonlinear model with and without the designed
controller at different line compensation levels are shown in Figure 5.3 to 5.8. However,
to tune the designed controller the exciter voltage (Esq) have to change from a significant

value and this can be mentioned as a limitation of the designed PID controller.

Table 5.4: Initial values and optimized values of the controller gains

Initial Optimized
Kp 3.2 3.071
Ki 5.5 5.649
Kb 2.25 2.271
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Table5.5: Eigenvalues, oscillation frequency and damping factor of the overall controlled system

in the sub-synchronous mode with different operating points

Compen | Without the controller With the controller
sation
level Eigenvalue Frequency | Damping | Eigenvalue Frequency | Damping
factor % factor %
30% -0.12 +202.84i | 32.31 0.059 -3.49 £203.31i | 32.31 1.72
-10.53 + 199.51i | 31.83 5.27 -11.63 £ 212.03i | 33.74 5.48
-0.35+£160.51i | 25.62 0.28 -1+ 177.83i 28.33 0.56
-1.28 £126.93i | 20.21 1.008 -1.32 £126.771 | 20.21 1.04
0.35+£98.72i |15.71 0.355 -0.13 +97.251 | 15.49 0.76
40% -0.12 £ 202.84i | 32.31 0.059 -4.13 £ 214.561 | 34.22 1.92
-0.35 + 160.51i | 25.62 0.218 -1.73 £ 175.68i | 28.01 0.985
-10.34 £ 171.71 | 27.37 6.01 -11.19 + 175.09i | 27.85 6.39
-1.26 £126.93i | 20.21 0.992 -1.32 £126.761 | 20.21 1.04
0.35+98.72i |15.71 0.355 -0.5 + 97.26i 15.49 0.514
50% -0.12 +202.84i | 32.31 0.059 -3.27 £ 215.05i | 34.22 1.52
-0.35 + 160.5i | 25.62 0.218 -1.68 +177.78i | 28.33 0.945
-10.03 £ 152.62i | 24.35 6.57 -10.14 £ 153.4i | 24.51 6.61
-1.23+£126.93i | 20.21 0.969 -1.32 £126.751 | 20.21 1.04
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0.35+98.72i |15.71 0.355 -0.6 £ 97.25i 15.49 0.617

60% -0.12 +202.84i | 32.31 0.059 -2.92 +215.23i | 34.22 1.36
-0.35 +160.51 | 25.62 0.218 -1.43 £177.94i | 28.33 0.804

-1.32 £126.93i | 20.21 1.04 -1.38 £ 126.68i | 20.21 1.08

-9.95 + 138.46i | 22.12 7.17 -10.64 + 138.96i | 22.12 7.63
0.35+98.72i |15.71 0.355 -0.41+97.231 | 15.47 0.421

70% -0.12 + 202.84 3231 0.059 -2.92 £215.23i | 34.22 1.36
-0.35 * 160.5i 25.62 0.218 -1.43 £177.94i | 28.33 0.804
0.35+98.72i 15.71 0.355 -0.41+97.23i | 15.47 0.421

-1.32 + 126.93i 20.21 1.04 -1.38 £ 126.68i | 20.21 1.08

-9.75 + 127.39i 20.37 7.63 -10.64 + 138.96i1 | 22.12 7.63

80% -0.12 +202.84i | 32.31 0.059 -2.92 £215.23i | 34.22 1.36
-0.35 + 160.5i 25.62 0.218 -1.43 +177.94i | 28.33 0.804

-1.32+126.93i | 20.21 1.04 -1.38 +£126.68i | 20.21 1.08
0.35+98.72i 15.71 0.355 -0.41 +97.23i 15.47 0.421

-9.55+118.43i 18.94 8.04 -11.64 + 138.961 | 22.12 8.37
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Table5.6: Eigenvalues of the test system with the designed PID controller, SSSC controller and
TCSC controller with 40% series compensation.

Without controller

With PID controller

With SSSC controller

With TCSC controller

-0.36+298.16i

-0.12+202.84i

-0.35+160.51i

-10.34£171.7i

-1.32+126.93i

-0.35+98.72i

1.49+60.53i

-0.37+298.16i

-4.13+214.56i

-9.19+175.09i

-1.73+175.68i

-1.26+126.76i

-0.05+97.26i

-0.49+60.53i

-1.85+298.17i

-0.372+202.8i

-0.128+160.2i

-4.884+566.99i

-0.07£127.03i

-0.235+98.908i

-1.348+5.901i

-1.8504+298.17i

-0.3526+202.82i

-0.5812+160.46i

-27.163+133.29i

-0.0315+127.01i

-0.0774+98.972i

-1.684+6.3i
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*  with MO contetie

Figure 5.1: Plotted eigenvalues of the test system with the designed PID controller, SSSC controller and TCSC controller with 40%
series compensation.
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Figure 5.2: Nonlinear PSCAD model with designed PID controller
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Figure 5.3: Generator speed variation without and with the controller at 30% series compensation
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Figure 5.4: Generator speed variation without and with the controller at 40% series compensation
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Figure 5.5: Generator speed variation without and with the controller at 50% series compensation
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70

W



386

| | I | | | | 1 | |

4 [ Without he controller

———With the controlier
82 —

mn - -

370 |— —

Figure 5.7: Generator speed variation without and with the controller at 70% series compensation
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CHAPTER 06

CONCLUSION

Designing of a robust controller to damp sub-synchronous oscillations in power systems
has been presented in this thesis. A PID controller was designed and simulated annealing
method has been successfully applied to optimized the controller to perform well under
different operating points of the selected power system. IEEE FBM was used to
demonstrated the performance of the designed controller and the small signal model of the
system was constructed using dynamic phasor approach. Performance of the controller
designed in this study was demonstrated with the selected power system and the controller
performs well with the different operating points of the system. the results are validated
from the eigenvalues of the overall system as given in Table 5.5 and the speed variations
of the generator (output waveforms) as shown in Figures 5.2 t0 5.7.
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