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Abstract

A large-scale power system is composed of multiple control areas that are connected
to each other through tie lines. As active power changes, the frequencies of the areas
and tie-line power exchange deviate from their scheduled values which may greatly

degrade the performance of the power system.

Load frequency control (LFC) has two major assignments, which are to maintain the
standard value of frequency and to keep the tie-line power exchange under schedule
in the presence of any load change. An area control error (ACE), defined as a linear
combination of tie-line power and frequency deviations, is regarded as the controlled
output of LFC. LFC regulates ACE to zero. When dealing with the LFC problem of
power systems, unexpected external disturbances, parameter uncertainties and model

uncertainties of the power system pose big challenges for controller design.

Active disturbance rejection control (ADRC) generalizes the discrepancy between the
mathematical model and the real system as a disturbance, and rejects the disturbance
actively, hence the name active disturbance rejection control. As a result controller
does not require accurate model information and is inherently robust against

structural uncertainties.

In a power system, synchronous machine electrically closer to the point of impact
picks up the greater share of the load regardless of their size. Moreover, generators
nearer to the disturbance show largest response and rest of the generators show
smaller response. The inertia constant (H) of generators affects the system frequency
response. It has been observed that the minimum frequency deviations belong to the
generators that have larger inertia constant and response of generators with lower
inertia constant responses faster during the disturbance of an interconnected system.
Tie-line power exchanges between two areas depend on the tie-line synchronizing co-

efficient and the frequency of two areas.

An LFC controller that incorporates these factors in its design is expect to show faster

and better response characteristics.
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Chapter I
Introduction

1.0 Introduction

Power system frequency control or regulation, very well known as load frequency control has
been part of the functions of automatic generation control (AGC) and also has been one of the
important control problems for research. The reliability and stability of the power system mainly
depend upon frequency deviation from its nominal value. The problem is worse in the case of the
integrated power system. Both the active power balance and the reactive power balance must be
maintained between generating and utilizing the a/c power. These two balances correspond to
two equilibrium points: frequency and voltage. Changes in real power affect mainly the system
frequency, while the reactive power is less sensitive to changes in frequency and is mainly
dependent on changes in voltage magnitude. Thus, real and reactive powers are controlled
separately. When either of the two balances is broken and reset a new level, the equilibrium
points will float. Thus, the control issue in power systems can be decomposed into two
independent problems. One is of the active power and frequency control while the other is about
the reactive power and voltage control. The active power and frequency control are referred to as
load frequency control (LFC) [1]. The users of electric power changes load randomly and
momentarily. It will be no way to maintain the balances of both the active and reactive powers
without control. As a result of the imbalance, the frequency and voltage levels will be varying
with the change of the loads. Thus, a control system is critical to cancel the effects of the random

load changes and to keep the frequency and voltage at the standard values.

The foremost task of LFC is to keep the frequency constant against the randomly varying active
power loads, which are also referred to as unidentified external disturbance. Another task of the
LFC is to regulate the tie-line power exchange error. A typical large-scale power system is
comprised of several areas of generating units. In order to increase the fault tolerance of the
entire power system, these generating units are connected via tie-lines. The use of tie-line power
imports a new error into the control problem, i.e., tie-line power exchange error. When a sudden
active power load change occurs in an area, the area will obtain energy via tie-lines from other

areas. But eventually, the area that is subjected to the load change should balance it without



external support. Otherwise there would be economic conflicts between the areas. Hence each
area requires a separate load frequency controller to regulate the tie-line power exchange error so
that all the areas in an interconnected power system can set their set points differently. Another
problem is that the interconnection of power systems results in huge increases in the order of the
system and the number of the tuning controller parameters. So, the requirement of the LFC is
intended to be robust against the uncertainties of the system model and the variations of system

parameters in reality.
1.1 Background and Present State of the Problem

The LFC issues have been tackled with by the various researchers in different time through AGC
regulator, excitation controller design and control performance with respect to parameter
variation or uncertainties and different load characteristics. A blackout in an electric system
means that the complete system collapses. Such a blackout affects all electricity consumers in the
area. It can originate from several causes. One example is the loss of generation, e.g. the trip of a
power plant that causes a mismatch between production and load. This puts a strain on other
generators, resulting in under-frequency in the system while it “catches up”, and may result in
the further loss of other generators. Increasing number of major power grid blackouts that have
been experienced around the world in recent years [2 - 4], for example, United States and Canada
(November 2003) Russia (2005), Bangladesh (2007 and 2014) shows that today’s power system
operation requires more careful consideration of all forms of system instability and control

problems and to introduce more effective and robust control strategies.

The LFC has two major assignments, which are to maintain the standard value of frequency and
to keep the tie-line power exchange under schedule in the presence of any load change [1]. An
area control error (ACE), defined as a linear combination of tie line power and frequency
deviations, is taken as the controlled output of LFC. LFC regulates ACE to zero such that

frequency and tie-line power errors are forced to zeros as well.

A lot of control techniques has been proposed by the researches in there pioneer work to design

LFC controllers [5]-[6]. The controllers are based on:

A. Classical control techniques



1) LQR based controlling techniques

2) Proportional, derivative, integral controlling techniques
B. Soft computing/Artificial intelligence techniques

1) Fuzzy logic based techniques

2) Neural network based techniques

3) Genetic algorithm based techniques

4) Particle swarm based techniques

5) Hybrid and other techniques

The load frequency control techniques are described by different researchers.

The pioneering work by a number of control engineers, namely Bode, Nyquist, and Black, has
established links between the frequency response of a control system and its closed-loop
transient performance in the time domain. The investigations carried out using classical control
approaches reveal that it will result in relatively large overshoots and transient frequency
deviation [7]. Moreover, the settling time of the system frequency deviation is comparatively

long and is of the order of 10-20s [8].

Among various types of load frequency controller, the PI controller is most widely applied to
speed-governing system for LFC scheme [9, 10]. Most of proposed techniques were based on the
classical proportional and integral (PI) or proportional, integral and derivative (PID) controllers.
Its use is not only for their simplicities, but also due to its success in a large number of industrial
applications [11]. A PI controller design on a three-area interconnected power plant is presented
in [12], where the controller parameters of the PI controller are tuned using trial-and-error
approach. The PI controller tuned through genetic algorithm linear matrix inequalities (GALMI)

[13] has become increasingly popular in recent years.

For PID controller design, overshoot/undershoot and settling time are used as objective function
for multi-objective optimization in LFC problem [14]. The development of design techniques for

load frequency control of a power system in the last few years is very significant. Automatic



generation control (AGC) regulator designs are based on adaptive control schemes [15]. The
main contribution of the proposed controller is to enhance the controlled performance of the
conventional PID controller by adding a self-tuning on the existing conventional PID controller.
The conventional PID controller with online self-tuning pre compensation has a superior
performance than the conventional PID controller. J. Han identifies four fundamental technical
limitations in the existing PID framework in [16], and proposed the corresponding technical and
conceptual solutions, including the following: 1) the error computation; 2) noise degradation in
the derivative control; 3) over simplification and the loss of performance in the control law in the

form of a linear weighted sum; and 4) complications brought by the integral control.

In [17] a fuzzy logic based intelligent controller is designed to facilitate the smooth operation
and less oscillatory when system is subjected to a sudden load change. Fuzzy controller is based
on a logical system called fuzzy logic which is much closer in spirit to human thinking and
natural language than classical logical systems [18, 19]. The complexity and multi-variable
conditions of the power system, conventional control methods may not give satisfactory
solutions [20]. On the other hand, their robustness and reliability make fuzzy controllers useful in
solving a wide range of control problems [21]. Load frequency control in two area system using

fuzzy logic algorithm is found to be suitable [22].

Plain fuzzy rule based expert systems have some drawbacks as [23]. It is difficult to acquire
knowledge and there is no adaptability and hence for dynamic time varying system, it is unable
to perform well due to change in system. To overcome these drawbacks, [24], a new intelligent
control technique is proposed based on polar fuzzy sets. The polar fuzzy sets were first
introduced in 1990 [25]. Polar fuzzy logic controller performs to improve the stability and

dynamic performance of the power system.

In the last few years, considerable progress has been made in application of Artificial Neural
Networks (ANN). Load frequency control using artificial neural network is described in [26].

After the evolution of soft computing tools, researchers are trying to find better output using
newer techniques that are based on Genetic Algorithms and Particle Swarm. These are also
called optimization techniques. Genetic algorithms (GA) are global search techniques, based on
the operations observed in natural selection and genetics. Panda ef al. proposed GA along with

decomposition technique as developed has been used to obtain the optimum megawatt frequency



control of multi-area electric energy systems [27]. No doubt that GA gives better results to

previous techniques but it has some problems.

Finding the optimal solution for complex high dimensional, multimodal problems often requires
very expensive fitness function evaluations. Also, genetic algorithm does not handle well with
complexity. That is, where the number of elements which are exposed to mutation is large there

is often an exponential increase in search space size [28].

Some researchers proposed different methodologies of PSO to solve the problem of LFC. Omari
et al. are tuned the gain of PID gains using Particle Swarm Optimization (PSO) technique [29].
Boroujeni et al. proposed a PSO tuned IP controller to control frequency deviation and compared

the result with conventional IP controller [30].

To improve the performance of power system, researchers introduced hybridized techniques. A
newly intelligent control technique is the design of a fuzzy system by evolutionary algorithms
has been proposed, of which the best known are genetic fuzzy systems [31]. In this work, they
apply the idea of evolutionary fuzzy systems to the LFC problem. During control a fuzzy system
issued to decide adaptively the proper proportional and integral gains of a PI controller according

the area-control error and its change [32].

During the early stage of research, the LFC was based on centralized control strategy [33], which
is mainly for “the need to exchange information from control areas spread over distantly
connected geographical territories along with their increased computational and storage
complexities” [3]. In order to overcome the limitation, decentralized LFC has recently been
developed, by which each area executes its control based on locally available state variables [34].
The solutions to the four fundamental technical limitations in the existing PID framework, 1) a
simple differential equation to be used as a transient profile generator; 2) a noise-tolerant
tracking differentiator; 3) the power of nonlinear control feedback; and 4) the total disturbance
estimation and rejection has been implemented by introducing a new controller named Active

disturbance rejection control (ADRC).

ADRC an increasingly popular practical control technique, was first proposed by J. Han in [35]
and has been modified by Z. Gao in [36, 37]. The design of ADRC only relies on the most direct

characteristics of a physical plant, which are input and output. Specifically, the information

5



required for the control purpose is analyzed and extracted from the input and output of the
system. ADRC generalizes the discrepancy between the mathematical model and the real system
as a disturbance, and rejects the disturbance actively, hence the name active disturbance rejection
control. Since ADRC is independent of the precise model information of the physical system, it

is very robust against parameter uncertainties and external disturbances [38].

As discussed in [30], ADRC can be understood as a combination of an extended state observer
(ESO) and a state feedback controller, where the ESO is utilized to observe the generalized
disturbance, which is also taken as an extended state, and the state feedback controller is used to
regulate the tracking error between the real output and a reference signal for the physical plant.
In addition, a concept of bandwidth parameterization is proposed in [36] to minimize the number
of tuning parameters of ADRC. Using this concept, ADRC only has two tuning parameters, of
which one is for the controller, and the other is for the observer. The two tuning parameters
directly reflect the response speeds of the ESO and the closed-loop control system respectively.
The few tuning parameters also make the implementation of ADRC feasible in practice. The
detailed explanations about how to select the tuning parameters for ADRC are provided in [37].

At the beginning of the research of ADRC, time-domain analyses of the controller dominated the
publications. Recently, a transfer function representation of ADRC has been presented in [38],
where frequency-domain analyses have been successfully conducted on a second-order linear

plant.

In the performance analyses in [27], the Bode diagram and the stability margins of the closed-
loop system have been obtained. The unchanged values of the margins against the variations of
system parameters demonstrate the notable robustness of ADRC against parameter uncertainties
in the plant. Besides [38], a high order ADRC design was developed on a general transfer
function form with zeros [39]. The design method was verified on a 3rd order plant with one zero
and a known time delay. However, this design approach did not consider the positive zeros for
the transfer function form of an inherently unstable system. The physical system with positive

zeros 1s still an unsolved problem for ADRC.

ADRC has been broadly employed in industry. The implementation of ADRC in motion control
has been reported in [37] in the past few years. ADRC is also employed in DC converters,

chemical processes and web tension control as presented in [40—42]. An application of ADRC

6



solution to the control problem of a micro electromechanical system (MEMS) gyroscope is
presented in [43]. The hardware implementations of ADRC for the MEMS gyroscope were
introduced in [44, 45]. ADRC has also been implemented in electrostatic micro-mechanical
actuator, fiber optic gyro servo stabilized system, and electric power assist steering system and

shunt hybrid active power filter in [46-49].

In practical applications, there are multiple parameters that require tuning in an ADRC
controller. A concept of bandwidth parameterization is proposed in [37]. Using this concept,
ADRC has only two tuning parameters, the observer bandwidth (w,) and feedback controller
bandwidth (w,). Researchers have considered different values for wy and w,. A range of w, is
presented in [37] but no procedure for selecting the observer bandwidth is offered. A thumb rule
has been illustrated between the relationship of w, and w, in [37, 50]. For LFC of a multi-area
power system w is considered as four times to w, [30]. In other works on LFC [51, 52] wg is
considered as five times of w.. In [53] a third controlling parameter, the sampling frequency (T),
has been considered, improves the response time. There is hardly any works in ADRC based

LFC by considering these three parameters.

A novel design of a robust decentralized LFC has been proposed for an interconnected power
system in [51]. Moreover, the effect of variation of system parameters on ACE, frequency error
and tie-line power error also reported. It is seen that the system responses remain almost same
due to the variation of system parameters in ADRC based LFC. An ADRC based decentralized
LFC for interconnected three-area power systems is presented in [52] where the development of
ADRC based LFC solution has been shown for systems with non-reheat, reheat and hydraulic
turbine. The ADRC is modified using Repetitive Controller (RC) and applied to the power
system with two different turbine units in [54] and enhanced the performance of ADRC as a
controller. The RC is implemented between the ADRC and the plant of power system dynamic
model. The basic principle of RC states that the controlled output tracks a set of reference inputs
without steady state error if the model which generates these references is included in the stable

closed loop system.

ADRC has been studied for LFC of Bangladesh Power System (BPS) [58]. The work proposes

feedback connections by considering the minimum ACE as well as frequency deviation and tie-



line error where load change has been considered in a single area only, not simultaneously in all

areas.

In a power system consisting of interconnected areas, each area agrees to export or import a
scheduled amount of power through transmission-line interconnections, or tie-lines, to its
neighboring areas. Tie-line power exchange of a power system is inversely proportional with the
reactance of transmission line [55]. Besides, the reactance of the transmission lines is dependent
with the length of line. So the distance between two areas has a great impact on power flow
through tie. In [56], it has been described that immediately after disturbance in a power system,
generators share the impact according to their electrical proximity to the point of impact. That
means the machine electrically closer to the point of impact will pick up the greater share of the
load regardless of their size. It is observed that minimum frequency deviations belong to the
generators that have larger inertia constant (H) in [57]. An ADRC based LFC controller

considering all these factors has not been reported yet.

The successful examples reported in [35-58] have legitimated the effectiveness of ADRC in

LFC and its great advantages over conventional control techniques such as PID control.
1.2 Thesis Objective

The objectives of this works are to investigate the effects of the following on the performance of

the ADRC based LFC controller:

1. Effect of tie-line impedance,

ii.  Effect of generator inertia constant (H),

iii.  Effect of generator electrical proximity to the point of impact in a power system,

iv.  Effect of different feedback connection from load rich area to generation rich area.
The possible outcome would be a faster acting ADRC based LFC controller for interconnected
power system that considers tie-line impedance, generator inertia constant (H), generator
electrical proximity to the point of impact and optimal feedback connection in its design.
Moreover, this would provides a comprehensive study on the effects of change in three
parameters (w. , wg and T) on the performance of an ADRC based LFC in single- and multi-area
power systems. This would give good insight in choosing the controller parameter for an ADRC

based LFC.



1.3 Organization of the Thesis

The thesis is organized as follows. Chapter I is the introductory chapter that represents a brief
literature survey on the LFC problem. Chapter II presents the model of the power plant. The
major components of the power plant are discussed in this chapter. A Laplace transform
representation of the decentralized area of the power plant is also developed in Chapter II.

Chapter III introduces the design of an interconnected power system for ADRC based LFC. First
the application of ADRC to a second-order motion system is developed. Then ADRC is
generalized to an n™ order plant with zeros in the transfer function representation of the plant.
Finally the development of ADRC based LFC on the interconnected power system is presented
in the chapter. Chapter IV presents the simulation results for the effectiveness of ADRC in LFC
by comparing with the performance of PID controller. Parameterization of ADRC for LFC of
single-area and multi-area power system has also been presented in the chapter IV. Chapter V
presents the simulation results of an interconnected power system. It presents the effect of tie-
line impedance, generator inertia constant, and generator electrical proximity to the point of
impact on ADRC based LFC of an interconnected power system. This section also proposed the
feedback connections from various load rich areas to generation rich areas of an interconnected

power system. Chapter VI is the concluding chapter.



Chapter 11
Dynamics of the Power Generating System

2.0 Introduction

A comprehensive introduction to the dynamic models of general power systems can be found in
[1]. In this chapter, the modeling of a typical power generating system, including the modeling of
two types of generating units, the tie-line modeling and the modeling of parallel operation of

interconnected areas are presented in [1, 58, and 59].
2.1 Power generating Units
2.1.1 Turbines

A turbine unit in power systems is used to transform the natural energy, such as energy from
steam or water, into mechanical power (APy,) that is supplied to the generator. In LFC model,
there are three kinds of commonly used turbines: non-reheat, reheat and hydraulic turbines, all of

which can be modeled by transfer function [1].

No-reheat turbines are first-order units. A time delay (denoted by 7.;) occurs between switching
the valve and producing the turbine torque. The transfer function of the non-reheat turbine can be
represented as

_APu(s) 1
ONR(S) = Tp,05) ~ Topst (M

where AP, is the valve/gate position change and the load reference set point can be used to adjust

the valve/gate positions.

Reheat turbines are modeled as second-order units, since they have different stage due to high
and low steam pressure. The transfer function can be represented as

APm(s) _ thTrh s+1

Gr(s) = APy(s)  (Tcps+1)(Trps+1) @

where T, stands for the low pressure reheat time and Fj, represents the high pressure stage

rating.

10



Hydrolic turbines are non-minimum phase units due to the water inertia. In the hydrolic turbain
the water pressure response in opposite to the gate position change at first and recovers after the
transient response. Thus the transfer function of the hydrolic turbine is in the form of Eq.(3).

APy (s) _  —Tys+l

Gn(s) = AP,(s)  (Tw/2)s+1 3)

2.1.2 Generators

A generator unit in power systems converts the mechanical power received from the turbine into
electrical power. But for LFC, we focus on the rotor speed output (frequency of the power
systems) of the generators instead of the energy transformation. Since the electrical power is
hard to store in large amounts, the balance has to be maintained between the generated power

and the load demand.

Once a load change occurs, the mechanical power sent from the turbine will no longer match the
electrical power generated by the generator. This error between the mechanical (AP,,) and the
electrical power (AP,;) is integrated into the rotor speed deviation (Aw, ), which can be turned
into the frequency bias (Af) by multiplying 2. The relationship between APB,, and Af is shown

in figure 2.1, where M is the inertia constant of the generator.

i
> Mz

Fig. 2.1: Block diagram of a power generating unit

The power loads can be decomposed into resistive loads (AP;), which remain constant when the
rotor speed is changing, and motor loads that change with load speed. If the mechanical power
remain unchanged, the motor load will compensate the load change at a rotor speed that is
different from a scheduled value, which is shown in Figure 2.2, where D is the load damping

constant.
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Fig. 2.2: Block diagram of the generator with load damping effect included

The reduced form of Figure 2.2 is shown in Figure 2.3, which is the generator model that we
plan to use for the LFC design. The Laplace-transform representation of the block diagram in

Figure 2.3 is given by Eq. (4).

AP, (s) — AP, (s) = (Ms + D)Af(s) 4)

i
Ja o + b
- Me+D

Fig. 2.3: Reduced block diagram of the generator with the load damping effect included

2.1.3 Governors

Governors are the units that are used in power systems to sense the frequency bias caused by the
load change and cancel it by varying the turbine inputs. The schematic diagram of a speed
governing unit is shown in Figure 2.4, where R is the speed regulation characteristic and 7 is the
time constant of the governor. Without load reference, when the load change occurs, part of the
change will compensate by the valve/gate adjustment while the rest of the change is represented
in the form of frequency deviation. The goal of the LFC is to regulate frequency deviation in the
presence of varying active power load. Thus the load reference set point can be used to adjust the
valve/gate positions so that all the load change is cancelled by the power generation rather than

resulting in a frequency deviation.
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Fig. 2.4: Schematic diagram of a speed governing unit

The reduced form of Figure 2.4 is shown in Figure 2.5. The Laplace transform representation of
the block diagram in Figure 2.5 is given by equation (5).

AF(s)

U (s) - =

=(Tgs +1)AP,(s) (5)

Fig. 2.5: Reduced block diagram of the speed governing unit
2.2 Interconnected power Systems
2.2.1 Tie-Lines

In an interconnected power system, different areas are connected with each other via tie-lines.
When the frequencies in two areas are different, a power exchange occurs through the tie-line
that connected the two areas. The tie-line connections can be modeled as shown in Figure 2.6.

The Laplace transform representation of the block diagram in Figure 2.6 is given by Eq. (6).

AP (s) = =Ty (AF,(s) — AF,(s)) (6)
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where AP, is tie-line exchange power between areas i and j, and Tj; is the tie-line synchronizing
torque coefficient between area i and j [1]. From Figure 2.6, we can see that the tie-line power

error is the integral of the frequency difference between the two areas.

@ Integrator
O L
@ tie-line synchronizing
torque coefficient

Fig. 2.6: Block diagram of the tie-lines

2.2.2 Area Control Error

As discussed in Chapter I, the goals of LFC are not only to cancel frequency error in each area,
but also to drive the tie-line power exchange according to schedule. Since the tie-line power error
is the integral of the frequency difference between each pair of areas, if we control frequency
error back to zero, any steady state errors in the frequency of the system would result in tie-line
power errors. Therefore we need to include the information of the tie-line power deviation into

our control input. As a result, an area control error (ACE) is defined as

ACE=Yj -1, nj#i OPrc ij + BiAf; (7
where B; is the frequency response characteristic for area i and
1
Bi=D; +R_i (8)
This ACE signal is used as the plant output of each power generating area. Driving ACEs in all

areas to zeros will result in zeros for all frequency and tie-line power errors in the system.
2.2.3 Parallel Operation

If there is several power generating units operating in parallel in the same area, an equivalent
generator will be developed for simplicity. The equivalent generator inertia constant (M,,), load
damping constant (D.,) and frequency response characteristic (B.,) can be represented as

follows.
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M, = Zizl,...,n M; )

eq
Deq = Zizl,...,n Di (10)
1
By = 2i=1 nR_i+Zi=1,...,n D; (11)

2.3 Dynamic Model of Single- Area Power Generating Plant

With the power generating plants and the tie-line connections of interconnected areas introduced

in Sections 2.1 and 2.2, a complete form of one-area power generating unit can be constructed as

Figure 2.7.
i i
Area frequency : : Load change Frequency error
TR 7 response Load ! \{J"‘R/ Speed droap ; p— =
- oa ! coefficient ! ""[: = :’
characteristic  \oforence ! ;
setpomt | AD :&P
R £ ] A4 -
u + —————|+— Turbme (Generato
&)—:'{ — Te i1 ur ] r
| i
e o

Governor ot 1
Tie-line power error @

Figure 2.7: Schematic of single-area power generating plant
In Figure 2.7, there are three inputs, which are the controller input U(s), load disturbance AP;(s),
and tie-line power error 4Py, (s), one ACE output Y(s) and one generator output Af. The term AP,
is not in Figure 2.4 because it does not have a physical meaning. The frequency deviation (Af) is
integrates and then multiplying by tie-line synchronizing co-efficient and it is termed as 4Py, is
for single-area power system. We note the input of the equivalent unit in the governor as 4P, for

simplicity when developing the Laplace transform of the one-area power generating plant.
2.4 Laplace Transform Model of Single-area Power Generating Plant

We consider the plant shown in Figure 2.7. The relationships between the inputs and output in

Figure 2.7 can be described as

U(s) ~ 7 AF(s) = AR(s) (12)

Ggy (S)AP,(s) = AP,(s) (13)
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GTur (S)APU(S) = APm (S) (14)
(APm (S) - APL (S) - APtie ij (S)) Ggen (S) = AF(S) (15)

Y(s) = BAF(s) + AP, (s) (16)

where, Gey(s), Gru(s) and Ggen(s) are the transfer functions for the equivalent unit, the turbine

and the generator respectively.

For the ease of transfer function development, let the transfer function from AP.(s) that we
defined in Figure 2.7 to the mechanical power deviation AP,(s) be Ggr (s) = Numgr (s) / Dengr
(s), where Numgr (s) and Dengr (s) are the numerator and denominator of Ggr(s) respectively.
The representation of Numgr (s) and Dengr (s) may vary from different generating units. For the
non-reheat unit, the combined transfer function of the equivalent unit in governor Ggr (s) can be
expressed as

Numgr (s) 1 (17)
Dengr(s)  (Tys +1)(Tops + 1)

Ggr(s) =

For the reheat unit, we have
Numgr(s) FppTins + 1 (18)
Dengr(s)  (Tys +1)(Teps + D (T, + 1)

Ger(s) =

Define the transfer function of the generator as

Ggen (5) = - - (19)

Den , (s) ~ Ms+D

where, Deny,(s) represents the denominator of Gge,(s). The Laplace transform of the one-area
power generating plant can be simplified as

Y(s) = G,(s)U(s) + Gp(s)APL(s) + Grie (S)APe (5) (20)
where

RBNumgr(s) (21)
Numgr(s) + RDengr(s)Deny(s)

Gy (s) =
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—RBdengr(s) (22)
Numgr(s) + RDengr(s)Deny(s)

Numgr(s) + RDengr(s)Deny (s) — RBdengr(s) (23)
Numgr(s) + RDengr(s)Deny(s)

Gp(s) =

Gtie (s) =

The modeling of each part in the power generating unit is discussed in this chapter, followed by
the Laplace transform development of the decentralized power generating area. The control
objective of the LFC problem has been specified as to drive the ACE in each area back to zero.
This chapter has laid the groundwork for both the controller design and the constructions of the

power test systems.
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Chapter 111

Design of Active Disturbance Rejection Controller
3.0 Introduction

In the model of the power system developed in last chapter, the parameter values in the model
fluctuate depending on system and power flow conditions which change almost every minute.
Therefore, dealing with the parameter uncertainties will be an essential factor to choose a control
solution to the load frequency control (LFC) problem. In this chapter, the design strategies of
ADRC controller are developed on a general transfer function model of a physical system. Both

time-domain and frequency-domain representations of ADRC are derived in this chapter.
3.1 Active Disturbance Rejection control

Although we aim to develop ADRC for interconnected power plant, we will introduce the design
idea of ADRC on a second order plant for the convenience of explanation. The design of ADRC
has been considered from [58].

Let us consider a motion system that can be describe as
V) +ary®) +ay (1) = bu(®) + w(t) (24)

where u(t) is the input force of the system, y(t) is the position output, w(t) represents the external
disturbance of the system, a; a, and b are the coefficient of the differential equation. ADRC

design approach can be summarized as four steps.
Step 1: Reformation of the plant

Equation (1) can be rewritten as

Y(®) = bu(t) + w(t) - a1 y(1) - azy(t) (25)

The partial information of the plant - a; y(?) - a>y (t) can be referred to as internal dynamics. The
internal dynamics of the system combined with the external disturbance w (?) can form a

generalized disturbance, denoted as d (t).So equation (2) can be rewritten as
Y(1)=bu() +d(1) (26)
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The generalized disturbance contains both the unknown external disturbance and the
uncertainties in internal dynamics. So, as the generalized disturbance is observed and cancelled

by ADRC, the uncertainties included in the disturbance will be cancelled as well.

Step 2: Estimation of the generalized disturbance

As discussed in step 1, the generalized disturbance needs to be cancelled after reforming the
plant. One way is to obtain the dynamic model of the disturbance and cancel it theoretically. But
this idea does not match with the original intention to set up a controller with little information
required from the plant. Moreover the external disturbances cannot be modeled and could be
random. Thus another way has to be used to cancel the generalized disturbance rather than to
cancel it theoretically. A practical method is to treat the generalized disturbance as an extra state
of the system and use an observer to estimate its value. This observer is known as an extended

state observer (ESO).
The state space model of equation (3) is

X¥=Ax +Bu +Ed

(27)
y=Cx
X1
where x = [le,
X3
0 1 0 0 0
Let,x;=y, x;=y,x3=d, A=|0 0 1|,B=|b|,E=|0|landC=[1 0 0]
0 0 O 0 1

It is assumed that d has local Lipchitz continuity and d is bounded within domain of interests.
The ESO is driven as
Z=Az+Bu+L(y-y)
(28)
y=Cz
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where z=[21 72 73] ' is the estimated state vector of x and ¥ is the estimated system output
of y. L is the ESO gain vectorand L = [8; B> B3] . To locate all the Eigen values of the ESO

at -wy, the value of the elements of the vector L are chosen as

B = (i).o)io Ji=1,2,3 (29)
with a well tuned ESO , z; will track x; closely, Then we will have
3= X3 =~ d (30)
Step3: Simplification of the plant
With the control law
= %0773 31
u= (1)

The system describe in equation (26) becomes

up—z3
+d
b

~ (up-d) +d
y=u (32)

From (32), we can see that with the accurate estimation of ESO, the second order LTI system

y=b

could be simplified into a pure integral plant approximately. Then a classic state feedback

control law could be used to drive the plant output y to a desired reference signal.
Step 4: Control Law for the Simplified Plant
The state feedback control law for the simplified plant y =uy as chosen as

Up= k](l’-Z])-ngg (33)
From (28), z; will track y and x, will track y. Then substituting uy in y = uy yields

j} :kﬂ"—k1y—k2y (34)
The Laplace transform of (34) is

S?Y(s) + kosY(s) + k;Y(s) = kiR(s) (35)

The closed loop transfer function from the reference signal to the position output is

Gufs) =D =KL (36)

R(s) s2+kps+kq
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Let, k; = w’. and k> = 2w... We will have

2
Gl (5) = 5—=

S2H2w o+ w?
(37)

= w?/(s + w.)2
where, w. represent the bandwidth of the controller. With the increase of the w., the tracking
speed of the output of ADRC controlled system will increase as well as the tracking error and

over shoot percentage of the output will be decreased.
3.2 Generalized ADRC Design of a Plant

In the Laplace domain, a plant with disturbance can be represented as
Y(s) = Gy(s).U(s) + W(s) (38)

where U(s) and Y(s ) are the input and output respectively, W(s) is the generalized disturbance. In

(38), the general transfer function of a physical plant G,(s) can be represented as

Y(s) b s™4bpm_1 s™14etby s+bg

R(s) GP(S): an

(39)

s"+a,_q s 14 4aq stag
where a; and b; (i=1,..., n, j=1,..., m) are the coefficient of the transfer function.

From (39), we can infer that the basic idea of ADRC design is based on the transfer function of
the plant without zeros. Thus in order to implement ADRC for the system represented by (38),
we need to develop an equivalent model of (39) so that the transfer function only has poles. The

error between two models can be included into the generalized disturbance term.

In order to develop the non-zero equivalent model of (39), the following polynomial long

division is conducted on 1/G(s).

1 ap, s"4ap—g sty +aq s+ag
Gp(s)  bys™+bm_q sm7L T - by s+by
=Cpom ST A bCy g ST+ teiste TG ien(s) (40)

In (40), ¢; (i=0,...n-m) are coefficients of polynomial division result, and the Ges(s) 1s a

reminder, which can be represented by
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me1 Sl 4d, 5 smT24 . +dq s+dg
by s™+by —1 sm—1l +.. .. +b1 s+bg

Giep (5) = < (41)

In (41), d; (j=0, ..., m-1) are coefficient of the numerator of the remainder. Substituting (40) into
(38) we have,
[Chom S™™ + bCp_peq ST+ teistep +G rn(s)]. Y(s) = Uls) +W(s) (42)

where W'(s) = W(s)/G,
Eq. (42) can be rewritten as

[Chom STT™Y(s) = U(s) — [Cnm_1 ST ™7+ teisteo +G iop(s)]. Y(s) + W(s) (43)

Finally, we have
S"Y(s) = ——U(s) + D(s) (44)
where
D)= = == [eam-1 S" "7 o Fessteo +G in(s)] V() +—— W'(s) (45)
From (40), it can be seen that
Cp-m = 3= (46)
However, it is difficult to get the expression of the other coefficients in (40) and (41).
Fortunately for the development process of ADRC, D(s) is treated as the generalized disturbance

and will be estimated in time domain so that we do not actually need the exact expression for the

ciand d; (i=0, ..., n-m, j=0,...,m-1) in (40) and (41).

From (44), it is seen that the two characteristics (relative order between input and output and
controller gain) have been extracted from the plant by modifying the Laplace transform. Instead
of using the order of plant n, the relative order n-m may be utilizing as the order of the controller
system. The high frequency gain (b), is the ratio between the coefficient of the highest order

terms of the numerator and the denominator. So (44) can be written as

ST Y(s) = bU(s) + D(s) (47)

where b =

Cn—m
Now the state space model of (38) is
SX(s) = AX(s) + BU(s) + Es D(s)
(48)
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Y(is) = CX(s)

where

X1(s)
xe) =| 2
Xn-—m(5)

[0 1 0 0] [0]
I L

A=l: ~ o - ol. B=lole=|'|. c=11 o 0]

R R I
lo o - .. o ol 1

In (47), D(s) is still required to have local Lipchitz continuity and sD(s) is bounded with domain
of interest. The ESO of the plant is

sZ(s) = AZ(s) + BU(s) + L (Y(s) 9)Y (s)

(49)
Y(s)=CZ(s)
where Z(s) = [z1(5)  2z2(S) . Zy_(8)]" and L=[B1 P2 Ba-ml"
In order to locate all the Eigen values of the ESO to —w, the observer gain are chosen as
Bi=("T"). wo, i=1..,n-m (50)
With a well tuned ESO, Z;(s) will be able to estimate the value of Xi(s) closely (i=1,...,n-m).
Then we have
Zn-m(s) = D(s) = D(s) (5D
The control law
U(s) = (Uo(s) ~Zyp—n (5))/b (52)

will reduce (24) to a pure integral part, i.e.,
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st () = b 200 =By b

= Uo(s) - D(s) + D(s)

~Uy(s) (53)
The control law for the pure integral plant is

Uo(s) = ki (R(s) —Z1(5)) - k2 Z(S) - ... — Kyom-1 Zn-m-1(S) (54)
To further simplify the process, all the closed loop poles of the PD controller are set to -w..

Then the controller gain in (54) has to be selected as

K;= (n_m_l), o™ =1, n-m-1 (55)

n-m-—i

3.3 Summary of the chapter

In this chapter, the design process of ADRC has been divided into four steps. In first step, plant
reformation has been shown. In second step, the generalized disturbances have been estimated by
extended state observer (ESO). Simplification of the plant has been presents in third step. In last
step, the control law has been applied to simplified plant. ADRC has been implemented on a
second-order system. Then it has been extended to a system with a general-form transfer
function of any order. Both time-domain and frequency-domain representation of ADRC has

been developed.
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Chapter 1V

Performance Analysis and Parameterization of ADRC
4.0 Introduction

In this chapter, the effectiveness of ADRC in LFC is verified by applying it in a single area power
system where the system consists of a generating unit with non-reheat turbine, generator and
governor. This test has been used to compare the control performances between the PID
controller and the ADRC. In another part, the parameters of ADRC based LFC has been proposed
for single- and multi- area power system. Here multi area system consists of three single area
power systems. Each area consists of a generating unit with non-reheat turbine, generator and

governor. All simulations in this thesis have been completed using MATLAB Simulink.
4.1 Comparison of the performance of PID based LFC and ADRC based LFC
PID controller based LFC

The primary task of LFC is to keep the frequency constant against the randomly varying active
power loads, which are also referred to as unknown external disturbance. Another task of the LFC
is to regulate the tie-line power exchange error. These two tasks can be achieved by using a
controller PID controller. The implementation of PID based LFC of a single area power system
has been presented in Figs. 4.1. It is assumed that all generators are coherent in an area, and as

such generators are represented by a single equivalent generator. A non-reheat turbine system is

considered.
v Del PL
Y 1/R1
87 Frequency Speed droop coefficient
response Del F
characteristic
1 1
1 1 -
M1.s+D1 §
Tg1.s+1 Teh1.s+1 Generator  Integrator  Gain2
PID(s) Governor  non-reheat turbine

PID Controller

Fig. 4.1 Single area power system with non-reheat turbine with PID based LFC
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ADRC controller based LFC

The main goal of LFC can also be achieved by using ADRC controller. The same single area

power system has been considered for ADRC based LFC in Fig. 4.2.

Del PL
—Y Frequency -
87 Speed droop coefficient
response Del F
characteristic
1 1
1 1 > 3
—P| M1.s+D1
Tgt.s+1 Tcht.s+1 Generator  Integrator  Gain2
in vy Governor non-reheat turbine

ADRC

Fig. 4.2 Single area power system with non-reheat turbine with ADRC based LFC

The performance of ADRC has been compared with PID controller. The test has been done on a
non-reheat turbine system considering a load change of 1.0 p.u. at 2 seconds for both PID and
ADRC. The parameter of the power system has been obtained from [58] and listed in Table A-1
[Annexure A]. The ADRC and PID parameters have been listed in Table A-2[Annexure A]. The
definitions of the parameters have already been given in Chapter II. The comparative

performance of PID based LFC and ADRC based LFC can be seen from the Figs. 4.3 to 4.5.
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Fig. 4.3 Comparison of ACE for ADRC and PID

Fig. 4.4 Comparison of frequency deviation for ADRC and PID

Fig. 4.5 Comparison of tie-line error for ADRC and PID
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In Fig. 4.3, the peak magnitude (M) of ACE has been observed 1.42 p.u. and 0.63 p.u. for PID
based LFC and ADRC based LFC respectively but the time required to settle down the ACE of
PID based LFC has been obtained 3 sec. lower than ADRC based LFC. The error magnitude of
frequency deviation in ADRC based LFC has been observer haft of the frequency deviation of
PID based LFC due to applying same amount of load change as disturbance shown in Fig. 4.4.
Similarly, tie-line error magnitudes become 0.63 p.u. lower in ADRC based LFC whereas the

settling time for both the controllers are same shown in Fig. 4.5.

From all these figures (Figs. 4.3 to 4.5), it can be seen that remarkble lower error magnitude has
been obtained from the ADRC based LFC than PID based LFC due to applying the same amount
of load change as disturbance. However, the time required for the responses to settle down has
been observed lower in case of PID based LFC. The summary of the performance measures for

the single-area power system has been presented in Table 4.1.

Table 4.1 Performance comparison of ADRC based LFC and PID based LFC in single area power system

Peak amplitude Settling time
Error type (Myin p.u.) (Tsin sec.)
PID ADRC PID ADRC
ACE 1.42 0.63 10 13
Frequency error 1.0 0.5 8 8
Tie-line error 0.92 0.3 11 16

4.2 Parameterization of ADRC for LFC

The efficacy of the ADRC based LFC with change in observer bandwidth (wg), controller
bandwidth (w,) and controller sampling time (7) has been studied for single area and multi-area
power system using MATLAB Simulink. Controller bandwidth has been selected based on the
time required to settle down the response. Feedback controller will reject the internal dynamics
and external disturbance which will be estimated by the ESO. So the observer bandwidth must be
higher than the feedback controller bandwidth [31]. Effectiveness of observer’s disturbance

estimation depends on the observer gain vector and the gain vectors are represented as the
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function of observer bandwidth (wg).The parameters of the single- and multi- area power systems

have been taken from [58] and [52] respectively.
4.2.1 Parameterization of ADRC for Single Area Power System

The block diagram model of a single area power system with ADRC based LFC has been shown
in Fig. 4.2. Assuming coherency generators are represented by a single equivalent generator. A
non-reheat turbine system has been considered. Effects of parameters variation and for a step load
change on frequency and tie flow deviations and, ACE has been presented in Figs. 4.6 and 4.7
and in Table 4.2. It can be seen that the peak amplitudes do not change much. This is because for

all the cases the disturbance considered has been the same.

The controller bandwidth(w, ) has been tuned according to the requirement of how fast and steady
the output is wanted to track the set point. Higher bandwidth corresponds to better command
following, disturbance rejection and sensitivity to parameter variations. However, bandwidth is
limited by the presence of sensor noise and due to the higher value of controller bandwidth (w,.=

5 rad /sec), it may push the system to its limit, leading to oscillations or even instability as shown

in Figs. 4.6 (a) and (c).

As w, and w are increased, the noise in control signal u also increases. Any notable change does
not found in magnitude of ACE due to change in observer bandwidth in Fig. 4.7 (a) but for higher
bandwidth, the response take longer time to settle down in case of tie-line error in Fig.4.7 (c).The
effect of change of controller bandwidth and observer bandwidth are shown in Figs. 4.6 and 4.7

are summarized in Table 4.2.
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(a)

(b)

(c)
Fig. 4.6 Effect of change of controller bandwidth on ACE, (a), frequency error, (b) and tie-line error, (c)
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(a)

(b)

(c)
Fig.4.7 Effect of change of observer bandwidth on ACE, (a), frequency error, (b) and tie-line error, (c)
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Table 4.2 Performance of single area power system with ADRC parameters variation

Error Type Parameters | Peak Amplitude T, T
Variation (my) (sec.) (sec.)

w.=3 -1.7 3.0 10.0

ACE w.=4 -1.7 3.0 10.0

w=5 -1.7 3.0 -

w.=3 -0.65 2.0 9.0

Frequency error w.=4 -0.6 2.0 8.0
w=5 -0.55 2.0 7.5

w=3 -0.9 3.5 10.0

Tie-line error w.=4 -0.9 3.5 12.0

w.=5 -0.9 3.5 -
Effects of controller bandwidth variation

wg = 3w, -1.4 3.0 11.0

ACE wy = 4w, -1.4 3.0 9.0

wg = 5w, -1.4 3.0 10.0

wo = 3w, -0.6 2.5 8.0

Frequency error wo = 4w, -0.6 2.5 8.0
wg = Sw, -0.6 2.5 8.0

wg = 3w, -0.9 4.0 11.0

Tie-line error wg = 4w, -0.9 4.0 12.0
wy = Sw, -0.9 4.0 12.0

Effects of observer bandwidth variation

7= 1 sec -1.4 2.0 10.0

ACE T=2sec -1.45 3.0 9.0
T=3 sec -1.70 4.0 11.0

7= 1 sec -0.6 1.0 8.0

Frequency error 1= 2sec -0.6 2.0 8.0
T=3 sec -0.7 3.0 10.0

T=1 sec -0.9 2.5 12.5

Tie-line error T=2sec -0.95 35 12.0
T=3 sec -0.1.2 5.0 14.0
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It is very difficult to establish any relationship between observer bandwidth and controller
bandwidth but simulation results indicates that observer bandwidth should be chosen four times
of controller bandwidth to get the shortest settling time as can be seen from Figs. 4.6 and 4.7 and
Table 4.2. In general, the shorter the sampling period the higher the control degree of accuracy
for the same plant with increasing observer bandwidth [47]. However, for load frequency control,
larger observer bandwidth increases the settling time as can be seen in Figs. 4.7 (a) and (b) and

Table 4.2. However, it increases the noise sensitivity of the system.
4.2.2 Parameterization of ADRC for Multi Area Power System

An ADRC based LFC for a three area interconnected power system has been modelled and
simulated. The model consists of three generation units, each of which is composed of three
major parts: governor, turbine and generator. All generators in one area respond coherently, so
they are represented by an equivalent generator. All turbine units are to be considered non-reheat

type. Fig. 4.8 presents the dynamic model of one-area in the multi-area power system.

) Step
B
i H 1

Gain [Areﬂ Lm (- F M1.5+D1

ngut! : Generator
ACE Area 2 Ly in1 |—J_
in oy + S Stepl

ADRC Area 3 o
|

Gain? J_

Integrator1 Step2

Fig.4.8 One area of multi-area power system

A 0.01 p.u. load change has been added to each area simultaneously. The simulation results have
been presented in Table 4.3 for area-1 by varying the three controlling parameters. Peak
amplitude is still same for most of the cases due to same load change consideration. The settling
time has been calculated by considering the tolerance limit of the response 0.01 p.u. It has been
seen that the time required to reaching the peak overshoot and settling time increases with
increasing controller bandwidth (m.) and controller sampling period, respectively. However, a
small change in settling time has been noted when the multiplying factor between m( and m, has

been increased. This is because a large observer bandwidth increases noise sensitivity.
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Table 4.3 Performance of multi-area power system with ADRC parameters variation

Error Type Parameters Peak Amplitude T, T
Variation (my) (sec.) (sec.)
w.=3 -0.02 2.0 25
w.=4 -0.02 2.5 25
ACE w.=5 -0.02 3.5 27
w.=3 -0.0075 1.5 26
Frequency error w.=4 -0.005 2.0 27
We=5 -0.008 3.5 27
w.=3 -0.002 3.5 23
Tie-line error w.=4 -0.008 3.0 26
We=5 -0.023 3.0 22
Effects of controller bandwidth variation
wo = 3w, -0.02 2.5 22
ACE wo = 4w, -0.02 2.5 24
wo = 5w, -0.02 2.5 24
wo = 3w, -0.008 2.0 22
Frequency error wo = 4w, -.0008 2.0 23
wo = 5w, -0.008 2.0 22
wo = 3w, -0.002 2.5 22
Tie-line error wo = 4w, -0.008 2.0 21
wo = 5w, -0.022 2.5 20
Effects of observer bandwidth variation
T=1 sec -0.02 2.0 22
T= 2sec -0.02 2.5 26
ACE
7=3 sec -0.02 3.5 25
T=1 sec -0.008 1.5 27
Frequency error 7= 2sec -0.007 2.0 27
7=3 sec -0.008 3.0 27
7= 1 sec -0.002 3.5 24
Tie-line error T= 2sec -0.008 3.0 27
7=3 sec -0.022 3.5 23
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4.3 Modeling of Interconnected Power System for ADRC based LFC

An ADRC based LFC of interconnected power system consisting of three generation rich areas
and three load rich areas (3G3L) has been considered in Fig.4.9. Assuming all generators in one
area respond coherently, they are represented by an equivalent generator. All load rich areas have
been considered as connected to all generation rich areas. Each power plant block has three load
disturbance signals as input. The load change signal may be calculated at the load buses by
measuring the line power flow at those buses and transmitted to the power plants over optical
communication network. The tie-line synchronizing coefficient (7) between load rich areas to
generation rich areas is dependent on the distance between them and the reactance of the
corresponding transmission line. The design parameters of the system and ADRC parameters are

listed in Annexure A, Table A-3.

Fig. 4.9 Dynamic model of interconnected power system for ADRC based LFC
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All the power plants (G, G; and G3) of Fig. 4.9 have been considered similar. The sub-system of
power plant 1 has been shown in Fig. 4.10. In generation rich areas, re-heat turbine has been
used with governor and generator. The output of the generator of this block is frequency
deviation which is first integrated then multiplied by tie-line synchronizing coefficient between

load (L;) to generation (G)) to get the tie-line deviation (del P tie).

Fig. 4.10 Dynamic model of power plant 1 (block A in Fig.4.9)
The details a load rich area has been shown in Fig. 4.11, where non re-heat turbine has been used
with governor and generator. The design of interconnected power system for ADRC based LFC

in Figs. (4.9 — 4.11) has been considered from [58].

1
Y v (e—
B 1IR1 del P tie_L1
Gain Gain1
oy —| Tg.st1 M4 s+D4 s
L1 i L1 Integrator ,
ADRC oredr 3 nonreheat Governor L1 Non reheat turbine_L1 Generator Gain?
del F_L1

Fig. 4.11 Dynamic model of load change from L, to G, (block B in Fig. 4.10)
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Finally, considering all these Figs. (4.9 — 4.11), the complete model of interconnected power
system for ADRC based LFC is ready to calculate the effect of ACE, frequency deviation and
tie-line flow deviation if there is any load change from any load rich area to any generation rich

arca.

4.5 Summary of the chapter

This chapter presents the effectiveness of ADRC as compared with PID controller and a
comprehensive study on the effects of change in the ADRC parameters in load frequency
controller to regulate the area control error, frequency deviations and tie-line error in single- and
multi- area power systems. It will help to enhance the range of applications of ADRC to the

power system. Finally the modeling of interconnected power system has been shown.
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Chapter V
Fast Acting ADRC based LFC

5.0 Introduction

The generation capacity and the consumption of load for all the regions over the country’s
interconnected power system are not same. A generation rich area is the one whose available
generation is greater than the load and load rich area has available generation less than its load.

Power from generation rich areas flow to load rich areas through the tie-line bus.
5.1 Network Elements
5.1.1 Tie-line Synchronizing Coefficient

The total real power that goes out of a particular control area 7, AP,;, ; ,equals to the sum of all

out flowing line powers, P ; in the lines connecting area i with neighboring areas, i.e.,

Pirie,i= 2 Pric jj (56)

where, the simulations are applied to all lines j that terminate in area i. If the line losses are

neglected, the individual line power are written in the form

Villvi| .
Pieij = | ]|51n(6i - 5]') (57)

ijtri
where x;; 1s the reactance of tie-line connecting areas i and j, V; and V; are the bus voltages of the

line.

If the phase angles deviate from their normal values 8 and 6]-0 by the amounts AS; and Ad;,

respectively, one gets the incremental power APy ;; over the line as given by

APy = 21 ';i'ﬂcos(éio — 89 [[Afide — [Afide]

ijori

Or, APy, ; = Ty[f Afidt — [Afidt] (58)
where
Vil|v;]
T; = 2m ﬁcos(dio - 6]-0) (59)

iyt
is called the tie-line power coefficient or synchronizing coefficient (7').
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5.1.2 Generator Electrical Proximity to the Point of Impact

Under normal operating conditions a power system is subjected to numerous random power
impacts from sudden application of loads. Each impact will be followed by power swings
among groups of machines that respond to the impact differently at different times. The amount
of impacts of machines during the fault depends on the distance between the location of
disturbance and the generator and it is termed as generator electrical proximity to the point of
impact. In large interconnected power systems, it is very important to investigate, how much
load impact is being shared by which machine according to their position from the disturbance
centre.

For analysing the effect of sudden application of a small load P;, at some point in to the power
system, it is assumed that the load has a negligible reactive component. Since the sudden change
in load P;, creates an imbalance between generation and load, an oscillatory transient result
before the system settles to a new steady state condition.

The phenomenon may be mathematically formulated using the network configuration of Fig. 5.1

considering from [56].

Fig. 5.1 Circuit for measuring the effect of sudden application of small load P,; at some
point k in the network

From the circuit in Fig. 5.1, the power into the node i can be obtained by adding node &, where

the load impact P, is applied.

n
Pi = EiGii + Z ELE}(BU sin 611 + Gl] cos 611) + Ein (Bik sin 5ik + Gik Ccos 6”()
=1
j #ik
For the case of nearly zero conductance (as network has a very large X/R ratio)
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P, = Y E; E; B;j siné; + E; Vi By, sin gy, (60)
The power into the node &k
Pk = Z}l=1 VkE}Bk] sin 6k] (61)
Jj#k

Assuming the network response to be fast the immediate effect of the application of P,y is that
the angle of bus & is changed while the magnitude of its voltage V is unchanged. So Py, can be

written as
Pip = Xi=1 Pij kja (62)
The equation (62) is valid for any time ¢ following the application of the impact.

Let us now consider the case at # = 0% where it can be determined exactly how much of the

impact, P,y is supplied by each generator Pjy. i =1, 2, ..., n

At the instant ¢ = 0% we know that §;5 = 0 for all generators because of rotor inertias. So at node

k

Pea(07) = — Xz Pia(07) (63)
As P, = — Pj,, the equations can be written in terms of the load impact as
Pia(07) = —Xiq Poi 632 (0) = XLy Pia(07) (64)

So from equations (63) and (64) we can write that

Pu(0%) = || Pia(0h) (65)

n
E}ls]

P, and P, are the change in power of node i and £ at =0" respectively. Py and Pg is the
change in electrical power of machines i and j respectively due to the change in loads of node £.
The equations (63) and (65) indicate that the load impact P;» at a network bus £ is immediately
shared by the synchronous generators according to their synchronizing power coefficients with
respect to the bus k. Thus the machine electrically close to the point of impact will pick up the

greater share of the load regardless of their size.
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5.1.3 Inertia Constant of Generator

The inertia constant (H) of generator is the ratio of stored kinetic energy in mega joules at
synchronous speed with the machine rating in MVA. Study the effects of H-parameter of
generator is very important in LFC of an interconnected system because, higher the inertia
constant of a generator, demonstrates the higher capacity of generator to stored the kinetic
energy. The mathematical representation of the effect of generator H-parameters in power
system has been presented below in [56]. The linearized swing equation for machine i (ignoring

damping):

2H; d?AS;
© e di2 = _APei (68)

The incremental differential equation governing the motion of machine i is given by

ZHL' din
w, dt

+Pl'A(t)=0 (67)

If Py, is constant for all ¢, the acceleration in p.u. can be computed by using (62)

A doin _ _ Psik (PLA(0+))

Z}l=1 stk

The p.u. deceleration of machine i given by (68), is dependent on the synchronizing power
coefficient Pg; and inertia H; The mean acceleration of all the machines in the system can be

calculated as

d @y Pra(0h)
dt wg X1, 2H; (69)

While the system as a whole is retarding at a rate given by (66), the individual machines are

retarding at different rates. Each machine follows an oscillatory motion governed by its swing

iA

. . dojpp . dwa . o
equation. When the transient decays, :—t will be the same as % as given by (69). Substituting

) dwip .
this value of % in (64) att =t,>t,,

APp(t) = [ ;L:iHj]PLA(OJr) (70)
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Thus, after a brief transient period the machines will share in increase in load as a function only

of their inertia constants.
5.2 Analysis of ADRC based LFC of Interconnected Power System

For analyzing the faster acting ADRC based LFC of interconnected power system, the variation
and effect of network parameters, such as generator inertia constant, generator electrical
proximity to the point of impact and tie-line synchronizing co-efficient on the LFC should be
considered. The effect of simultaneous load change and individual load change should be studied
to proper feedback connection between load rich areas and generation rich areas. All these

factors related to the LFC have been illustrated in below.
5.2.1 Effect of Generator Electrical Proximity to the Point of Impact

The effect of generator electrical proximity to the point of impact has been observed by applying
a load change as disturbance (0.4 p.u.) to the generation rich area (G;) from all load rich areas
(Li, L, and L3) in Fig. 5.2. Distance between two areas (Gp to L;) has been represented by the
corresponding tie-line synchronizing coefficient (T). Higher the value of T lower the distance
between two areas. The values of 7 have been listed in Table A-4[Annexure A].The peak
amplitude of ACE, frequency error and tie-line power flow error has been considered as the
output response in case of LFC. Since the load impact has been feedback to G, the output of
LFC has been taken from G,. L;G; means the load change has been applied from L; to G;. It has
been observed that the influence of load change shared immediately by the generators according

to their synchronizing power coefficients with respect to the bus at which the load change occurs.

For the application of the same amount of disturbance from various distances to G, the response
of G1 has been shown in Fig. 5.2. It has been observed that the magnitude of response has been
varied according to the distance between G and L. The magnitude of frequency error due to load
change from all load centers has been noticed as same in Fig. 5.2 (b) and it is because of

applying the same amount of load change. However, the tie-line power flows of all cases in Fig.

5.2 (c) is not same because the location of the disturbance from G is not same. So the generators
of the system have been responded according to the electrical proximity to the point of impact as

indicated in Egs. (63) and (65).
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(a)

(b)

(c)
Fig. 5.2 Effect of electrical proximity to the point of impact on (a) ACE, (b) frequency error, and (c) tie-line error

If it has been desired that the disturbance nearer to the generator will response in almost all and
rest of the generators will show smaller responses. It can be achieved by introducing a new gain

block referred by Eq. (71) in the dynamic model of the interconnected power system and it has

been shown in Fig. 5.4.
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Fig.5.3 Relation between tie-line synchronizing coefficient (T) and new introduced gain (a)

a=1-¢"

(71)

In Eq. (71), T is the value of tie-line synchronizing coefficient and a determined the value of

newly introduced gain. Tie-line power exchange of a power system is inversely proportional with

the reactance of transmission line [55]. Besides, the reactance of the transmission lines is a

function with the length of line. In Fig. 5.3, it has been seen that the value of gain has been

varied with the variation of 7 and at a certain value of 7; the value of gain has been fixed. That

means generators situated at predetermine distance from the point of impact will show their

response according to Egs. (63) and (65). However, the generators nearer to the point of impact

will pick up most of the disturbances.

del Pl
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+
+
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e

Fig. 5.4 Dynamic model of load change from L, to G, with new gain block
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(a)

(b)

(c)
Fig. 5.5 Effect of electrical proximity to the point of impact on generator G, after
introducing new gain on (a) ACE, (b) frequency error, and (c) tie-line error
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The effects of generator electrical proximity to the point of impact after introducing new gain in
an interconnected power system are revealed in Fig. 5.5 where the same amount of disturbance
has been applied from the same distances of Fig. 5.2. A comparison study has been presented
after and before introducing the new gain block in effect of generator electrical proximity to the
point of impact in Table 5.1. Only the error magnitude ACE (p.u.) has been considered for

comparison.

It can be seen from Table 5.1 that G, is sharing the strongest impact for the application of load
change from the L,. On the other hand, due to the load change from L, and L3, a little influence
of disturbance has been observed. The time required for settling down the tie-line power flow
error has been observed longer after introducing new gain in Fig. 5.5(c). However, the
magnitudes of ACE become lower after introducing the new gain block in Fig 5.5(a). It has been
observed that ACE in L;G; has been increased after introducing gain because L; is nearest to Gj.
ACE increase of any generator means this generator is carrying more disturbances. So it can be
said that the generators nearer to the disturbance of an interconnected power system will show

the largest response and rest of the generators will show a smaller response.

Table 5.1 Comparison the performance on ACE of electrical proximity before and after introducing new gain with
different feedback connection

- . . ACE (p.u.)
Feedback Tie-line Synchronizing
Connection Coefficient (T) Before Introducing Gain After Introducing Gain
LiGi 80 0.59 0.65
L2Gi 25 0.55 0.53
LiGi 50 0.56 0.53

Another study has been presented for the effects of generator electrical proximity to the point of
impact in the interconnected power system in Fig. 5.6. The values of 7 have been listed in Table
A-5 [Annexure A]. The disturbance of 0.4 p.u. has been applied from L; to G;, G, and G3
respectively. It has been seen that lowest ACE as 0.55 p.u. belong to G, and highest ACE as 0.59
p.u. belong to G; due to application of disturbance from L;. It happens because G is nearer to L;

than G,.

Again, if it is desired that the generator nearest to the disturbance will show the greatest response
and rest of the generators will show smallest response, it can be achieved by introducing new

gain block where same amount of disturbance has been applied on different generators. Fig. 5.7
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shows that lowest ACE as 0.45 p.u. belong to G3 and highest ACE as 0.65 p.u. belong to G, due

to application of disturbance from L; The G; is the closest generator from the disturbance L.

(2)

(b)

(©)

Fig. 5.6 Effect of electrical proximity to the point of impact for the same load change on different generator on (a)
ACE, (b) frequency error, and (c) tie-line error
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(a)

(®)

(c)
Fig. 5.7 Effect of electrical proximity to the point of impact for the same load change on different generator after
introducing new gain on (a) ACE, (b) frequency error, and (c) tie-line error
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The effect of generator electrical proximity to the point of impact has been studied by applying
the same amount of disturbance from Li to G, G; and Gj after introducing newly gain block in
Fig.5.8. A comparison has been presented on ACE after and before introducing new gain block

in Table 5.2. It has been observed that responses of L;G; is highest (0.65 p.u.) than others.

Table 5.2 Comparison the performance on ACE of electrical proximity before and after introducing new gain with
different feedback connection

Tie-line Svnchronizi ACE (p.u.)
Feedback fe-ine SYNCAronzIng | gefore Introducing After Introducing
. Coefficient (T) . .
Connection Gain Gain
LG, 25 0.55 0.50
LG, 30 0.59 0.65
LG 28 0.58 0.45

5.3.2 Effect of H-Constant of Generator

The effect of H-constant of generator on LFC has been studied by applying a load change of 0.1
p.u. at ¢t = 2 sec. by considering the different values of H constant. The output of LFC as ACE,
frequency error and tie-line error has been presented in Fig. 5.8 after the application of

disturbance.

It has been observed that minimum ACE belongs to the generator that has larger inertia constant
(H = 7) and highest error magnitude belong to the generator which has lowest inertia constant (H
= 3) in Fig. 5.8(a). The magnitude of frequency error for all cases has been examined almost
same due to the same amount of load change applied. The oscillation of tie-line power flow error
has been observed highest for the inertia constant (H = 3) and lowest for (H = 5) in Fig. 5.8(c)
because the generator’s having higher inertia constant is capable of continuing the stable

operation during the disturbance.
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(2)

(b)

(c)
Fig. 5.8 Effect of H-parameter on (a) ACE, (b) frequency error, and (c) tie-line error
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If it is desired that a generator with higher inertia constant should responds more during the
disturbance. As a result, the interconnected power system will be able to carry more disturbances
without any blackout. To achieve this, it is necessary to add an extra gain block to the dynamic
model of the system. The value of extra gain block can be determined by normalizing the H-
constant of existing generators. The average value of three generator’s H-constant is 5, so
normalized value has been considered as 5. The value of new gain block has been calculated by
dividing the generator’s H constant by 5. The system of normalizing the H-constant has been
given in Table 5.3. The effect of H constants in LFC of an interconnected power system by
introducing new gain has been represented in Fig. 5.10 by applying the same amount of

disturbance as to in Fig. 5.8. The process of introducing new gain block has been shown in Fig.

5.9.

Table 5.3: Normalizing system of H-constant

Value of H Parameter | Normalized Value Value O.f New
Gain
3 3/5
5 1
7 7/5

H

2l

(Y i
" del Pl G1
et

1 Fhp*Tch.s+1
) > ple delF_G1
Tgl.s#1 Teh1*Trh s24Tch1.5+1

Governor 1

Reheat turbain
ADRC_oredr 3_reheat

h J

del F_L1 New gain

GelPIL110GY, | " elP tie_Ld 1
@ N
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F

del P tie

i

del PI_L3 to G1 Lfoe r
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Fig. 5.9 Dynamic model of power plant 1 with new introduced gain
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(a)

(b)

(©)

Fig. 5.10 Effect of H parameter on (a) ACE, (b) frequency error, and (c) tie-line error
after introducing an extra gain block
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It is seen from the Fig. 5.10, the responses of all generators are almost same and the magnitudes
become lesser after applying the normalized gain parameters. So all the generators are showing
same responses regardless of their H-parameter and time required to settle down the responses

become lesser in Fig. 5.10.
5.3 Selection of Feedback Paths

In an interconnected complex power system, feedback connection is of great importance for its
stability. Loads of all load centers may change either simultaneously or individually. Following
study has been provided for selecting the feedback path. This works it is shown that consideration
of individual load change is enough for selecting the right feedback paths rather than considering

simultaneous load change of all load centers.
5.3.1 Effect of Simultaneous Load Changes

Possible feedback paths between load rich area and generation rich area has been shown in Fig.
11 by considering three generation rich areas and three load rich areas (3G3L). A certain

feedback path L1G; L,G, L3Gj; has been presented in Fig.12.

Fig. 5.11 Possible feedback paths between load rich areas and generation rich areas
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Fig. 5.12 Feedback paths: L,G;, L,G, L;G;

The effects of simultaneous load changes on ACE, frequency error and tie-line error of the
interconnected power system have been studied. A 0.1 p.u. load change has been applied
simultaneously from L;, L, and L;. Considering all possible feedback paths Table 5.5 has been
completed. For easily understanding Figs. 5.13 and 5.14 have been shown here and rest of the

figures are given in Annexure A.

(@) (b)

(c)
Fig 5.13 Effect of simultaneous load change on (a) ACE, (b) frequency error, and (c) tie-line error for feedback

paths . L1G1 L2G2 L3G3

54



(@) (b)

(c)
Fig 5.14 Effect of simultaneous load change on (a) ACE, (b) frequency error, and (¢) tie-line error for feedback
paths: L2G1 L1G2 L1G3
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Table 5.4 Effect of simultaneous load change on ACE, frequency error and tie-line error for various feedback

connections
SI. No Feedback Connection ACE (p.u.) Af (p.u.) AP (p.u.)
1 L,G,L,G,L,G; 0.5900 2.75¢e-2 533 e-2
2 L,G, L,G, L,G; 0.5910 2.74 e-2 5.40¢e-2
3 L,G, L,G, LyG; 0.5915 2.74 e-2 5.33e-2
4 L,G,L,G, L,G; 0.5960 2.78 e-2 5.30e-2
5 L1G1 L2G2 L2G3 0.5987 2.78 e-2 537e-2
6 L,G, L,G, L;G; 0.6000 2.78 e-2 531e-2
7 L,G, L;G, L,G; 0.5850 2.75 e-2 5.30 e-2
8 LG, L;G, L,Gs 0.5869 2.75¢e-2 538¢-2
9 LG, L;G, LGy 0.5875 2.75¢e-2 528 ¢-2
10 L,G,L,G,L,G; 0.5901 2.75¢e-2 517 e-2
11 L,G, LG, L,Gs 0.5912 2.74 ¢-2 522¢e-2
12 L2G1 L1G2 L3G3 0.5915 2.74 e-2 5.29 e-2
13 L,G,L,G, L,G; 0.5960 2.78 e-2 552¢e-2
14 L,G, L,G, L,Gs 0.5990 2.78 e-2 5.19¢-2
15 L,G, L,G, LG, 0.5950 2.78 e-2 527e-2
16 L,G, LsG, L,G; 0.5860 2.74 -2 551e-2
17 L2G1 L3G2 L2G3 0.5876 2.73 e-2 5.21e-2
18 L2G1 L3G2 L3G3 0.5876 2.73 e-2 524 ¢-2
19 L;G,L,G,L,G; 0.5901 2.75¢e-2 517 e-2
20 L:G, LG, L,Gs 0.5925 2.75¢e-2 5.67 e-2
21 L:G, LG, LGy 0.5895 2.75¢e-2 5.59 -2
22 L;G,L,G, L,G; 0.5970 2.79 e-2 5.57 e-2
23 LG, L,G, L,Gs 0.5995 2.79 e-2 5.65e-2
24 LG, L,G, LGy 0.600 2.79 e-2 5.59 -2
25 LG, LG, L,G; 0.586 2.74 e-2 5.58 e-2
26 LG, L;G, L,Gs 0.5881 2.74 e-2 5.65¢-2
27 LG, LG, L;G; 0.5885 2.74 e-2 551e-2
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5.3.2 Effect of Individual Load Change

How load change may apply individually from a load rich area (L; to G;) has been presented in
Fig.5.15. To investigate the effect of individual load change on ACE, frequency error and tie-line
error from load rich area to generation rich area, 0.1 p.u. load change at = 2 second has been
applied. The output of LFC for various feedback connections have been illustrated in Figs. 5.16
and 5.17 and the summary of this study has been presented in Table 5.6. For easily
understanding Figs. 5.16 and 5.17 has been shown here and rest of the Figs. has been given in

Annexure A.

D
D

Fig. 5.15 Feedback path: LG,

(a) (b)

()
Fig. 5.16 Effect of individual load change on (a) ACE, (b) frequency error, and (c) tie-line error for feedback path
LlGl
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(@) (b)

()
Fig. 5.17 Effect of individual load change on (a) ACE, (b) frequency error, and (c) tie-line error for feedback path:
L,G,

Table 5.5 Effect of individual load change on ACE, frequency error and tie-line error for various feedback

connections
Sl Feedback Connection ACE (p.u.) Af (p.u.) AP, (p.u.)
No.
1 LG, 0.5950 0.0276 0.0572
2 LG, 0.5958 0.0276 0.0555
3 LG, 0.5960 0.0276 0.0600
4 LG, 0.5915 0.0275 0.0550
5 L,G, 0.5990 0.0790 0.0546
6 LG, 0.588 0.0274 0.0550
7 L\G; 0.5925 0.0277 0.0510
8 L,G; 0.5950 0.0276 0.0511
9 L:G; 0.5955 0.0277 0.0512
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It is seen from Table 5.4 and 5.5; the lowest error magnitude has been obtained from the
feedback path: L;G; L3;G, L;G; which is also same as the individual load change from L, to Gy,
L; to G, and L to G;. Hence consideration of individual load change is enough for selecting the

right feedback paths rather than considering simultaneous load change of all load centers.

5.4 Fast Acting ADRC based LFC

The comparison study among standard ADRC, ADRC with considering tie-line synchronizing
co-efficient (7) and generator H-constant on ACE for LFC has been tabulated in Table 5.6. Load
change of 0.1 p.u. has been applied from L; L, and Ls.

Table 5.6 Comparison among standard ADRC, ADRC with T and H-constant for ADRC based LFC

SL ADRC type ACE (p.u.)
no. Feedback Connection LG, LG, L,G;
1 | Standard ADRC 0.58 0.57 0.55
2 | ADRC with T consideration 0.60 0.54 0.525
ADRC with T and new introduced
3 ) ) ] 0.83 0.50 0.45
gain consideration
ADRC with H-constant
4 ) ) 0.575 0.50 0.43
consideration

ADRC with H-constant and new
5 ) ) 0.52 0.52 0.51
introduced gain consideration

Magnitude of ACE represents the response of generator. The higher the magnitude of ACE of
generator belongs to higher response due to load change. It can be seen from the second column
of Table 5.6 that due to the same amount of disturbance, response of L;G; becomes highest.
Since, G| has been considered as nearest to the disturbance. In third row, due to new introduced
gain with T consideration, error magnitude (ACE) of L;G; has increased from 0.60 p.u. to 0.83
p-u. On the other hand, the error magnitudes have been decreased in LG, and L;Gs. So nearest

generator is carrying the highest impact of disturbance.

In fourth row, the H-constant of generator have been considered as 3, 5 and 7 for G;, G, and G3
respectively. So, due to the application of disturbance, the response of G; become highest where

it is lowest of Gs. But, if all the generators of an interconnected power system response equally
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during the disturbance, then the generator’s with higher H-constant will share the higher impact

of load change.. It has been achieved by introducing new gain in fifth row.
So it can be said that it is a fast acting ADRC based LFC.
5.5 Summary of the Chapter

In this chapter, an ADRC based LFC of interconnected power system consisting of three
generation rich areas and three load rich areas (3G3L) has been considered. A brief description
of network elements of interconnected power system- tie-line synchronizing coefficient,
generator inertia constant and generator electrical proximity to the point of impact has been
given. In the last part of this chapter, the simulation result of effects of tie-line synchronizing
coefficient, generator inertia constant and generator electrical proximity to the point of impact in

ADRC based LFC of an interconnected power system has been presented.
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Chapter VI

Conclusions
6.0 Introduction

This thesis proposed a faster acting ADRC based load frequency controller for interconnected
power systems considering effect of generator electrical proximity to the point of impact, effect
of inertia constant of generator. The main goal of LFC is to regulate the predetermined frequency
but in this paper, the ACE has been considered in most of the cases. LFC regulates ACE to zero
such that frequency and tie-line power errors are forced to zero. Also the proper feedback paths
between load rich areas and generation rich areas of an interconnected power system have been

presented.
6.1 Outcomes of this Thesis

Effectiveness of ADRC: ADRC shows superior advantages and effectiveness for LFC of power

system over conventional control techniques such as PID control.

Parameterization of ADRC for LFC of power system: In ADRC based load frequency
control, a controller bandwidth of 4 rad/sec for both power system (single- and multi- area) and
selecting the observer bandwidth four times of controller bandwidth gives good result for single
area power system. However, observer bandwidth should five times of controller bandwidth for

multi-area power system to get the lower settling time and minimum ACE.

Effect of Generator Electrical Proximity to the Point of Impact: The machines electrically
close to the point of impact always pick up the greater share of the load regardless of their size as
the same in [51]. Moreover, in an interconnected power system, it is possible for the nearest
generator to response at all for the occurrences of any disturbances and other generator will show

a little bit response for the same disturbance by introducing a new gain determined by (71).

Effect of Inertia Constant of Generator: After a brief transient period the machines share in
increase in load as a function only of their inertia constants as mention in [51]. In addition, in an
interconnected power system, it is possible that all the generators connected with the system
share the same amount of load change by introducing a new gain which can be determined by

normalizing the entire generator’s inertia constant.
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Selection of feedback paths between load rich area and generation rich area: Consideration
of individual load change is enough for selecting the right feedback paths rather than considering
simultaneous load change of all load centers. The farthest load rich area from the generation rich

area should be feedback first.
6.2 Future work

In the future, the following research on both ADRC and the power system is expected to be

conducted.

6.2.1 Improvement of ADRC

In the thesis, the designed ADRC can guarantee the fast response of the ACE with small
overshoot. However, during the process of simulating ADRC in a power system, the magnitude
of the control effort shows a big peak value at the initial stage of the simulation and the time
required to settle down the response is long. There is a scope to reduce the peak amplitude of
response and quickly settle down the response by improving the ADRC controller as well as

ESO.

6.2.2 Improvements in Parameterization
In the future, the parameters for LFC of two- and three- area power system with re-heat turbines
and hydro-electric turbine should be studied. It will help to enhance the range of applications of

higher order ADRC to the power system.
6.2.3 Improvements in Power System Modeling

In this thesis, ADRC based LFC of interconnected power system has been considered with non-
reheat and reheat turbine only but another commonly used turbine named hydraulic turbine has
not been considered. For analyzing the LFC of interconnected power system, hydraulic turbine

unit should be considered.
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Table A-1: System Parameters for Fig. 4.1

Parameters Definition Value
Ten (sec.) Turbine time constant 0.3
R (Hz/p.u.)* Speed regulation coefficient 0.05
Fip (pu.) High pressure stage rating 0.3
M (p.u.sec.) Area inertia constant 10
D(p.u./Hz) Area load damping constant 1.0
T, (sec.) Governor time constant 0.2

*: p.u. represents per unit.

Table A-2: ADRC and PID Parameters for Fig.4.1

ADRC PID
Order of ESO 3 P 0
W, 4 I -0.293980028198636
W 16 D 0
B 70.0

Table A-3: System parameters for Fig.4.9

Non-reheat Reheat

Teni (sec.) 0.3 Tz (sec.) 0.3
R, (Hz/p.u.) 0.05 R, (Hz/p.u.) 0.05
M;(p.u.sec.) 10.0 M, (p.u.sec.) 10.0
Di(p.u./Hz) 1.0 D,(p.u./Hz) 1.0
Ty (sec.) 0.1 Ty (sec.) 0.2

Fip (p-u.) 0.3

T (sec.) 7.0

69




Table A-4: Value of Tie-line synchronizing coefficient for Table 5.2

Tie-line Tie-line

synchronizing Value | Synchronizing | Value
coefficient coefficient
T 25 Ts 25
Ty 30 Ti; 20
Ts 40 Tas 35
T, 30 Ts; 30
Ty 24

:T Load rich area, Generation rich area

Table A-5: Value of Tie-line synchronizing coefficient for Fig. 5.9 to Fig. 5.32

Tie-line Tie-line
synchronizing | Value | Synchronizing | Value
coefficient coefficient

Ty 25 Ts, 120
Ty 80 Tis 20
Ty 50 Tos 40
T 30 T3 80
Ty 60
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Figure showing effects of simultaneous load changes

(@) (b)

()
Fig. A-1 Effect of simultaneous load change on ACE, (a), frequency error, (b) and tie-line error, (c) for feedback
paths: L]G] L2G2 L1G3

(2) (b)
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(c)
Fig. A-2 Effect of simultaneous load change on ACE, (a), frequency error, (b) and tie-line error, (c) for feedback
paths: L1G1 L3G2 LIG3

(@) (b)

(c)
Fig. A-3 Effect of simultaneous load change on ACE, (a), frequency error, (b) and tie-line error, (¢) for feedback
paths: L]G] L3G2 L1G3
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(@) (b)

()
Fig. A-4 Effect of simultaneous load change on ACE, (a), frequency error, (b) and tie-line error, (c) for feedback
paths: L1G1 L]Gz L3G3

(a) (b)
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(c)
Fig. A-5 Effect of simultaneous load change on ACE, (a), frequency error, (b) and tie-line error, (c) for feedback
paths: L2G1 L2G2 LIG3

(a) (b)

(c)
Fig. A-6 Effect of simultaneous load change on ACE, (a), frequency error, (b) and tie-line error, (¢) for feedback
paths: L2G1 L3G2 L1G3
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(@) (b)

()
Fig. A-7 Effect of simultaneous load change on ACE, (a), frequency error, (b) and tie-line error, (c) for feedback
paths: L3G1 L2G2 L2G3

(a) (b)
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(©)
Fig. A-8 Effect of simultaneous load change on ACE, (a), frequency error, (b) and tie-line error, (c) for feedback
paths: L3G1 L3G2 L1G3

(a) (b)

()
Fig. A-9 Effect of simultaneous load change on ACE, (a), frequency error, (b) and tie-line error, (c) for feedback
paths: L2G1 L2G2 L3G3
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(@) (b)

()
Fig. A-10 Effect of simultaneous load change on ACE, (a), frequency error, (b) and tie-line error, (c) for feedback
paths: L2G1 L2G2 L1G3

(@) (b)
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(c)
Fig. A-11 Effect of simultaneous load change on ACE, (a), frequency error, (b) and tie-line error, (c) for feedback
paths: L1G1 L2G2 L3G3

(@) (b)

(c)
Fig. A-12 Effect of simultaneous load change on ACE, (a), frequency error, (b) and tie-line error, (c) for feedback
paths: L3G] L2G2 L1G3
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Figure showing effect of individual load change

(a) (b)
()
Fig. A-13 Effect of simultaneous load change on ACE, (a), frequency error, (b) and tie-line error, (c) for feedback
path: L,G;
(@) (b)
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(c)
Fig. A-14 Effect of simultaneous load change on ACE, (a), frequency error, (b) and tie-line error, (c) for feedback

path: L;G,
(@) (b)
()
Fig. A-15 Effect of simultaneous load change on ACE, (a), frequency error, (b) and tie-line error, (c) for feedback
path: L;G;
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(@) (b)

()
Fig. A-16 Effect of simultaneous load change on ACE, (a), frequency error, (b) and tie-line error, (c) for feedback
path: L,G;
(a) (b)
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(c)
Fig. A-17 Effect of simultaneous load change on ACE, (a), frequency error, (b) and tie-line error, (c) for feedback
path: L;G;
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